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1.1  Phosphorus Security 
 
'Life can multiply until all the phosphorus has gone and then there is an inexorable halt which 
nothing can prevent' – Isaac Asimov, 1959. (Lougheed, 2011) 
 
Phosphorus is intrinsically bound to almost every aspect of our modern life.  Most importantly, 
it is one of the three major nutrients, along with potassium and nitrogen, absolutely essential in 
cell division.  As one of the main components of DNA, RNA and ATP in both plant and animal 
bodies, there is no substitute for it.  It is in high demand to nurture the plants and crops which 
sustain life, and at the same time it plays a role as a highly undesirable pollutant in our water 
systems, where it causes eutrophication and destroys the aquatic ecosystem. In accordance with 
the laws of mass balance, it can neither be created nor destroyed. 
 
Agriculture is entirely dependent on a ready source of phosphorus (P), and this is reflected in 
the allocation of mined phosphate rock to industry: approximately 85% of all the P in the mined 
phosphate rock is utilized in the form of fertilizers for agricultural use (Jasinski 2010).  The 
other 15% has a multitude of industrial applications, ranging from use in glues, food additives, 
surface preparation agents, and in medicines. Considering the vast scope of areas which utilize 
P, and their intrinsic importance to our daily lives, it is no exaggeration to claim that our very 
livelihood depends on access to P. In this era, this dependence on P can be translated rather as a 
dependence on phosphate rock: on its mining, processing and its many uses. 
 
The movement to address the task of ensuring P sustainability has been growing in momentum 
over the last few decades, with interest increasing sharply after the sudden doubling of 
phosphate rock prices in 2008 (Townsend and Porder 2012).  Cordell defined P sustainability as 
ensuring that ‘‘all the world’s farmers have access to sufficient phosphorus in the short and long 
term to grow enough food to feed a growing world population, while ensuring farmer livelihoods 
and minimizing detrimental environmental and social impacts’’ (p. 123,Cordell 2010). The need 
to feed the population of the future, estimated to rise by another 4 billion by the turn of the 22nd 
century, is by far the most pressing challenge which motivates the many researchers 
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investigating P and sustainability over a wide range of disciplines, including waste management, 
soil systems, crop management, mining, security, trade, and economics.  
 
P sustainability has become an enormous challenge largely due to the ways we have engineered 
our environment over a relatively short period of time. Throughout human history and until 
very recent times, the P cycle was a complete loop, with all waste returned to the land to provide 
nutrition for the next growth cycle (Werner, Panesar et al. 2009, Ashley, Cordell et al. 2011). 
This process was repeated throughout history at a local level until very recently. The P cycle was 
first broken in Europe with the advent of industrialization. As people left the land and migrated 
to cities, they became removed for the first time since agriculture began from areas where food 
was produced. The accumulation of waste in these high density cities quickly became a problem: 
rather than being returned to the land, waste was dumped into the river, creating fecund, stinky 
cities rife with disease. In the summer of 1858, in what became known as “The Great Stink”, 
even parliament in London was abandoned, and the decision was made to find a solution to the 
urban accumulation of waste.  The result was the world’s first modern “end-of-line” sanitation 
system: urban waste was removed from the waterways in the cities to make the urban 
environment a pleasant, safe place to live.  This “end of line” style of waste management is 
characterized by the linear movement of P from source to the oceans or other aquatic 
systems(Elser and Bennett 2011). While it solves the issue of waste accumulation in high 
density areas, it has the adverse effect of systematically and permanently breaking the P cycle.   
Two of the most notable consequences of replacing the P cycle with the end of line system are 
that phosphate fertilizers replaced organic waste in agriculture, and that excess P in the 
environment has led to the pollution of the aquatic ecosystem (Ashley, Cordell et al. 2011). Due 
to our reliance on fertilizer, P is no longer considered as a nutrient and a natural part of our 
environment.  Rather is it something we pull out of the ground and ship around the world, just 
like any other resource. Because this system ends up polluting our aquatic system, P is often 
jumbled up with all the other pollutants, and is considered a nuisance, rather than a giver of 
life. 
As Dyer has pointed out, the P cycle was always closed throughout human history (Dyer 2008), 
and it is essential that the loop is closed again. Drangert foresees a day when humankind will 
look back at this period of broken nutrient cycles and see it as an anomaly (Drangert 1998). 
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Significant advances have taken place with regard to the removal of P from the wastewater over 
the years in an attempt to discover the optimum approach to the recovery and recycling of excess 
P in the aquatic system. Struvite precipitation technologies have been reported by many 
researchers, along with adsorption technologies, and anaerobic digestion systems have been 
reported for the recovery of P from the waste stream (Sartorius 2015). 
 It should be pointed out, however, that the challenges involved in removing P from wastewater 
different significantly from one country to the next, between developed countries and developing 
countries, and differ also between urban and rural populations in developing countries (Qiao, 
Zheng et al. 2011).   
In the case of developed countries, the challenge is to ensure that the P is removed from waste 
and returned to the nutrient cycle. The removal of P from wastewater is now a requirement in 
85% of Europe’s sanitation systems.  While the technology for recovering P from urine has been 
rapidly developing, it will be decades before the infrastructure required to do this properly is put 
into place.  It should also be noted that, to date, the recovery of P from wastewater requires 
chemical or biological treatment procedures, or a combination of both, and that this involves 
significant costs, making the technology inaccessible to many communities throughout the 
world. 
While the importance of extracting P from the waste stream applies to many places in 
developing countries as well, it should be remembered that not all the world has access to 
sanitation systems. It has been reported that only 39% of the rural population in developing 
countries has access to sanitation, and that more than half of those worldwide without 
sanitation live in India alone, with many more in other Asian countries (Mara, Lane et al. 2010).  
In these places, the challenge is to develop a sanitation system that does not simply emulate the 
linear system developed for nineteenth century London. That is, these countries, many of which 
are already under water stress, present an opportunity for the establishment of a system 
capable of returning nutrients back to the cycle, and maintaining the P loop through the 
treatment of sewage sludge (Mihelcic, Fry et al. 2011, Qiao, Zheng et al. 2011). 
While the removal and recovery of P from the sanitation system will certainly help to restore the 
P cycle, there are many challenges which need to be overcome.  These days, with our 
dependence on phosphate rock, the P-source is well and truly far from home, and closing the P 
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loop means facing the challenge of reducing P loss in the mining of the ore, in its transport all 
over the globe, in its processing, in agriculture, again in the transport of agricultural produce all 
over the world, in the municipal waste, in the sanitation system, and in industrial waste. The P 
losses at each of these stages is significant.  Cordell points out besides the well-documented 
losses from the erosion of pasture land, there are P losses in the process of fertilizer production, 
from crop waste, from animal waste, and losses in the food chain as well as from human waste 
(Cordell 2013).  In an earlier study, Cordell concluded that a mere 20% of the P in the 
phosphate rock mined for agricultural production eventually reaches the plate (Cordell, 
Drangert et al. 2009).  
On farms, the P lost due to run off, soil erosion and animal waste pollutes the aquatic system, 
and agronomically inactive P builds up in the soils due to the over-application of phosphate 
fertilizer. Food waste constitutes another significant loss of P.  According to the United Nations 
Food, and Agriculture Organization (FAO), as much of one third of the food worldwide ends up 
as municipal waste (FAO 2015). As Schroder points out, the closing of the P loop will involve 
reducing the waste, and the removal, recovery and recycling of P at all stages of the linear path 
that P now takes (Schroder, Smit et al. 2011).  
It should be noted that much of the research on P over the past decades has been focused not on 
the sustainable use of P, but on meeting the environmental challenge of keeping the world’s 
lakes and waterways clean.  The challenge of preventing eutrophication galvanized the science 
community, and a concerted effort has been made from researchers around the globe (Smith 
2003).  Numerous investigations have been carried out on specific regional water systems not 
only in North America and other advanced economies, but in China and Japan as well, 
highlighting the uniqueness of each of the aquatic environments in question. Comparative 
studies, like that performed by Havens and Kukushima, have also served to reinforce the notion 
that a regional approach is necessary to solve the specific problem in each affected waterway 
(Havens, Kukushima et al. 2001).   
In recent years, there has been a change in the balance between the focus on P as a nutrient in 
excess in the water system, and as a nutrient in depletion (Smil 2000, Vaccari 2009, Cordell 
2010).  To those unfamiliar with the topic, it would appear that this presents something of a 
contradiction: at the same time, P is considered both as a nuisance and as a valuable resource in 
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depletion. With growing interest in the supply and demand of P for agriculture, however, it has 
become increasingly apparent that one of the solutions to both the excess-P problem and the 
depleted P-resource problem lies in the removal, recovery and recycling of P from waste 
(Rittmann, Mayer et al. 2011).  That is, in an ideal scenario where sustainable P is realized and 
the nutrient loop is re-established, P will be used in lesser quantities, it will be recovered from 
the waste stream, and the waterways will not suffer from the environmental devastation caused 
by excess P.  There is a general consensus that different strategies will need to be adopted in 



























1.2  Phosphorus Demand 
 
The urgency of ensuring that access to P is both secure and reliable over time is heightened by 
the growing demand for this irreplaceable resource. The demand for P is high and growing in 
developing countries along with rising populations and improving economies. With urbanization 
and a higher disposable income in developing countries, the trend is an increase in dairy and 
meat consumption, both of which require high amounts of P.  According to Heffer, 19 Mt of P 
was required to feed to world’s population in 2005 (Heffer 2008), and the United Nations 
estimates a phenomenal 3 billion tons will be required over the next 40 years (UN 2015) 
 
Cordell has stressed that one of the first steps in addressing the P problem is to significantly 
reduce demand(Cordell 2013). According to Desai, the demand for fertilizer in Asia between the 
early 1960s to the mid-1980s grew annually by 12%, or double the annual growth rate of the 
global fertilizer consumption (Desai 1990),.  They comment that as much as 80% of all fertilizer 
use in the developing world was in Asia in the mid-80s and note that Asian demand reached 
that of the developed world standards in just three decades. FAO statistics show that the 
intensity of fertilizer use in East Asia was intense through the 1990s at twice the global rate, 
while the rate of use in South Asia was on par with the global average. According to World Bank 
data, Japan’s use of fertilizer reduced by approximately one third from 2005 to 2012 and China’s 
fertilizer consumption rose by more than a third, while global consumption rose steadily (WB 
2015).  
 
The excessive application of P-fertilizer to agricultural soils has been shown to be a significant 
problem, contributing to run-off, and consequently, the pollution of the aquatic system. Mishima 
noted that Japanese agricultural soils were subjected to excessive P-application in the 1970s 
and 1980s because of the poor fertility of the soils and the poor response of the plants to 
chemical P-fertilizer (Mishima, Itahashi et al. 2003). Japanese farmers typically applied both 
animal excreta and chemical P fertilizer to their agricultural soils. The resultant buildup of 
available P in the agricultural soils way exceeded the optimal uptake for the specific crops they 
supported, and increased the P-content in the soil run-off, leading to the P build-up in the 
aquatic system and, eventually, eutrophication. In the light of their findings, Mishima stressed 
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the importance of preserving precious P resources by using phosphate fertilizers appropriately 
and also of finding ways to maximize the utilization of the phosphorus stored in the soils 
(Mishima, Itahashi et al. 2003). 
 
While it is highly desirable that an ever-greater percentage of the P demand is met by recovered 
P, it must be noted that the quality of the recovered product will determine how well the product 
is received by consumers. Britton and his colleagues began recovering P from wastewater for use 
in agriculture as a substitute for low grade phosphate rock in the production of fertilizers 
(Britton, Koch et al. 2005), and Schipper and Korvig refined recovered P to elemental P for use 
in industry as detergent, and in food and livestock feed (Schipper 2009).  In a recent report, 
Weigand reported that it was possible to meet 40% of Germany’s fertilizer demand by recovering 
P from sewage sludge ash (Weigand, Bertau et al. 2013).  
 
 The importance of separating heavy metals, pharmaceuticals, hormones and harmful bacteria 
from recovered P was pointed out by Vinneras (Vinneras, Nordin et al. 2008).  This point was 
exemplified in an earlier study by Pahl-Wostl which indicated that Swiss consumers, who were 
reportedly willing to divert urine to food production, placed priority on the short term issue of 
possible contamination over the long term benefits of sustainability(Pahl-Wostl, Schonborn et al. 
2003). This highlights the need to provide a high quality P-product and to ensure that the 
product meets the necessary standards.  Only then will the safety requirements of the various 
consumers and stakeholders be satisfied.  
 
According to Horn and Sartorius, the cost of fertilizer is expected to continue to rise, and that 
when demand drives the price of phosphate rock to US$100 per ton, interest in wastewater 
recovery will rise (Horn 2009).  While phosphate rock is cheap and the implementation of 
technology is costly, the economic sense of investing in new technology for P removal is such that 
both government and industry tend to balk rather than eagerly engage in P removal, recovery 
and recycling technologies. On the other hand, as the commodity price of phosphate rock 
inevitably rises over time, it is reasonable to assume that interest in various P removal 
technologies will also rise, and along with it, a willingness to change the status quo with regard 




In two separate reports, Chinese researchers (Zhu, Smith et al. 2001, Cao, Zhang et al. 2009) 
suggested that one way to reduce the demand for P is to genetically engineer mainstream crops 
so that they do not require the use of phosphate fertilizers.  These genetically modified crops 
would be capable of utilizing the P already trapped in soils which is unavailable to conventional 
varieties of crops. Gaxiola, who points out that crop harvests need to improve at an annual rate 
of 3% on a global basis to feed the world’s growing population, also believes that genetic 
modifications have the potential not only to increase the efficiency of P use by bringing down 
demand, but also to reduce the environmental burden of agribusiness (Gaxiola, Edwards et al. 
2011).  
 
The results of efforts to improve agricultural efficiency using P-fertilizers as standard 
agricultural practices can be maximized when there is comprehensive understanding the soils of 
the region.  Some countries and regions have developed extensive soil databases which serve as 
guidelines for farmers with regard to the appropriate use of fertilizers. MacDonald pointed out 
that fertilizers must be used more efficiently for sustainable agriculture: he estimated that 
approximately 30% of soils in Asia show a P-excess and only 5% are P-deficient (MacDonald, 
Bennett et al. 2011). The existence of these data bases has led to a dramatic decline in the use of 
phosphate fertilizers in various regions, including Japan. According to Sattari, “residual pools of 
P” resulting from the mistakes of overuse in the past should serve to buy humanity some time 
with regard to P supply and demand (Sattari, Bouwman et al. 2012).  However, as was pointed 
out by Townsend, P-excess is often lost in run-off and erosion, and because croplands follow the 
law of diminishing returns, farmers are often reluctant to follow the guidelines set up by local 
governments.  Since fertilizer is cheap insurance for optimum crops, it is still common for 
farmers to either completely disregard the recommendations, or to apply quantities in excess of 











1.3  Phosphorus Supply 
 
The USGS provides the most reliable data with regard to P reserves, and estimates that the 
global reserve is in the vicinity of 16 billion metric tons, though there are clear discrepancies in 
the data from one report to the next (Vaccari and Strigul 2011).  It has been reported that 158 
million tons is being removed from the existing mines on an annual basis (Jasinski 2010).  In a 
country by country analysis carried out in 1986 for a project named Project 156 to determine the 
whereabouts of as yet untapped phosphate rock reserves, it was found that 163,000 Mt of 
phosphate rock was not exploitable with the technology available at that time, and that much of 
this was high in cadmium and uranium.  This highlights the importance of considering the 
quality of the reserve as well as the economic and technological feasibility of exploiting the 
resource when considering supply. Vaccari also points out that supply can be affected by a 
sleuth of other factors, including the deliberate market manipulation of monopoly holders, 
political instability in the producing country, increases in the cost of fertilizer production costs 
(due to rising energy or sulfur costs), global or regional economic booms or crashes, and new 
environmental restrictions (Vaccari and Strigul 2011).  
 
At present, high-grade phosphate mines are becoming rapidly depleted. Since there is no 
technological way to produce P, it would take literally tens of millions of years for nature to 
regenerate the amount of P in the form of phosphate rock that humanity has dissipated in a 
span of just two centuries (Filippelli 2011). Numerous studies have been carried out on the 
formation of phosphate rock to determine where further phosphate reserves may be found in the 
effort to find the P required to feed the people of today and the future (Delaney 1998, Compton 
2012, Benitez-Nelson 2015). That some have raised the alarm that economically viable 
phosphate deposits may be completely exhausted within a century is certainly troubling 
(Abelson 1999, Christen 2007, Wyant, Corman et al. 2013) There are those who warn of “peak 
phosphorus” occurring before 2030 (Cordell, Drangert et al. 2009), and others who claim that 
peak phosphorus has already past (Déry 2007). In understanding the extent of resource scarcity, 
(Vaccari 2011) stresses the importance of paying attention to the resource lifetime of existing 
mines, the trends in the prices of phosphate rock, the quality of the rock and also the rate at 
which new resources are being discovered.  He adds that in making forecasts about P use in the 
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future, population and economics must also be considered along with resource stability.  
Regardless of the accuracy of the many predictions and analyses in the literature, these studies 
serve to heighten the absolute necessity for nations to secure the access to the P they need in 
order to feed their populations and maintain their industries.  Indeed, as was pointed out by 
Ulrich, now that the alarm bells have been rung regarding the possibility of a supply crisis, it is 
time to turn our attention to the more serious business of how to manage this important 
resource more efficiently, and to close the nutrient loop wherever possible (Ulrich and Schnug 
2013). 
While the highly uneven deposits of phosphate rock appear to present something of a crisis, 
there are researchers who insist that the focus on P-bearing rocks is misguided. Dumas 
investigated the P-flow in soils in an effort to determine how much P is required to close the 
nutrient loop, with a strong focus on the bioavailability of soils for P-uptake (Dumas, Frossard et 
al. 2011).  He stresses the importance of paying attention to the maintenance of P reserves in 
arable soils, and strongly advises that the focus on the conservation of P-bearing rocks is 
misplaced.  While much attention has been paid to the concept of “peak phosphorus”(Cordell, 
Drangert et al. 2009, Vaccari 2011), many concur with Dumas when he stresses that the real 
issue is not to determine how much time is left with existing mines, but to take action to ensure 
an indefinite supply of nutrients to agriculture.  In order to achieve this aim, Suh points out 
the importance of ironing out the discrepancies in in USGS, FAO and USDA data, by the 
establishment of a reliable, systematic data infrastructure (Suh and Yee 2011). 
 
 The situation of P is often likened to that of oil.  It is unevenly distributed, largely in parts of 
the world which are not considered stable either geopolitically or economically3).  As much as 
two thirds of all the phosphate ore mined comes from just three countries.  It is estimated that 
China accounts for 37% of all mining activity and that the United States and Morocco are each 
responsible for another 15%.  While Morocco’s 15% would appear to be a significant chunk of 
the market, it needs to be pointed out that geological surveys have estimated that Morocco may 
actually control more than 75% of all the phosphate reserves on the planet, much of it in 
Western Sahara, an area which the United Nations does not recognize as being legitimately 
controlled by Morocco.  The five next most significant producers of phosphate ore are Russia, 
Tunisia, Jordan, Brazil and Egypt, in descending order according to their phosphate ore output.  
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Like most other Asian nations, Japan has no phosphate reserves of its own2), and is entirely 
dependent on imports. Notable among the P portfolios in Asia is India, with its limited 
phosphate reserves and phosphorus poor soil, and therefore heavy dependence on P imports 
(85%) to feed its burgeoning population. Among all the Asian countries where agricultural 
practice requires the use of phosphate fertilizer, China stands alone as the only country with 
phosphate ore reserves. Like other Asian countries, however, China is a massive importer of 
phosphate fertilizer. 
 
The nature of P supply from countries with large phosphate ore reserves has changed over the 
years.	 The United States no longer exports phosphate ore, and the Chinese government has 
imposed an export quota on it. However, both countries are large exporters of value-added 
product, in the form of yellow phosphorus, chemicals for phosphate fertilizers, and phosphate 
fertilizers.  The wisdom of long term reliance on exports from these countries has been called 
into question, with some environmental activists predicting that US supplies may be exhausted 
by 2030. Indeed, despite its large reserves, some 10% of the P demand in the United States is 
reportedly met by Moroccan ore (USGS 2014).  As the world’s largest agricultural producer, 
fertilizer consumption in the United States is extremely high.  In the case of China, the 
situation may be akin to that of rare earth metals, where China may well seek to ensure its 
phosphate ore is available for domestic consumption rather than export it, or otherwise impose 
high tariffs on P exports. Indeed, a tariff was imposed in 2008 after supply was temporarily 
disrupted by the Sichuan Earthquake, temporarily resulting in a massive spike in the price of 
phosphate ore worldwide.  The food riots which took place in so many countries in 2009 have 
been attributed, at least in part, to this rise in the price of phosphate ore(Childers, Corman et al. 
2011, Ulrich and Schnug 2013).  This underscores the importance, from a national security 











1.4  Current Response to the P-crisis 
 
1.4.1  United Nations 
 
The importance of P for sustainability in Asia was clearly felt decades ago: The United Nations 
Environmental Programme held a symposium focused on the P-requirements for sustainable 
agriculture in Asia and Oceania in 1989 (Desai 1990).The responsibility for food security in the 
United Nations falls under the FAO. According to the FAO, food security is attained when “all 
people, all the time, have access to sufficient, safe, and nutritious food to meet their dietary 
needs for an active and healthy life”(FAO 2006) 
Two agencies inside the auspices of the United Nations are now engaged in P related work:  the 
Global Partnership for Nutrient Management (GPNM) is focused on the buildup of nutrients in 
the environment, and the United Nations Environment Program (UNEP) has placed its focus on 
educating the farmers of developing countries in particular of the importance of good P use in 
food production. It should be pointed out, however, that the focus of the work done by the United 
Nations is on reducing P related environmental damage, and on increasing agricultural input.  
While these will certainly play a part in achieving sustainable P, it must be pointed out that the 
UN has not yet become interested in nutrient cycles, and has not become involved in the effort to 
reestablish the P loop. 
 
1.4.2  Europe 
 
There is no doubt that the urgency of the challenge to ensure a sustainable supply of P is most 
acutely felt in Europe, which has set up a number of initiatives, and many governments have 
begun working towards sustainable P. Among the initiatives is Global TraPs, which pays 
attention to the various interdisciplinary approaches to sustainable P which emerge worldwide.  
Another is the European Sustainable Phosphorus Platform, which pays particular attention to 
developing new ideas to ensure Europe is gradually weaned of its dependence on phosphate 
imports, and publishes SCOPE, a newsletter designed to keep the world abreast of change and 
development with regard to P sustainability in Europe. The EU has also commissioned reports 
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about the cadmium levels in European soils in an effort to understand the damage sustained by 
importing cadmium rich phosphate rock for use in fertilizers and to heighten the need for each 
nation to become self-sufficient in P. 
 
   In a report commissioned by the World Bank, Jakobsson notes that there are significant 
regional differences in Europe with regard to nutrient management (Jakobsson 2002). The 
nutrient policies of each country are either P or N based, and are a reflection of the particular 
circumstances in that country. The government in the Netherlands has played a strong role in 
efforts to promote P sustainability in this nation where innovative agribusiness has made it one 
of the world’s largest exporters of food and agricultural product. The governments of Northern 
Europe are taking the issue of nutrient management seriously at an administrative level, and 
have established policies to limit livestock density, and to ensure fertilizer application is in 
accordance with the soil requirements. Urine diverting toilets have been implemented in 
Sweden, where the government has set concrete targets for P recovery for the waste stream. 
More recently, the French, German and UK governments have implemented nutrient platforms 
designed to improve the cycling of nutrients in their countries, and to reduce their dependency 
on P imports. 
 
1.4.3  Australia 
 
The focus of the Australian Phosphorus Challenge, which is run through the Institute of 
Sustainable Futures in the University of Technology, Sydney, is largely on public policy. In 2012, 
the institute established a National Strategic Phosphorus Advisory Group representing key 
stakeholders in the food industry.  While the global discussion on P sustainability has been 
heavily influenced by the research done at the Institute of Sustainable Futures, the Australian 
government has not responded by establishing any policies for P management.  On the other 
hand, the media attention given to the matter has led to an increased awareness among the 
general public and in the agriculture sector. 
 
1.4.4  North America 
 
In 1938, President Roosevelt addressed congress in the United States on the issue of P and 
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sustainability (Roosevelt 1938). In his address he coined the phrase “soil conservation”, and 
stressed the importance of ensuring that depleted soils were replenished in order to sustain life 
in the United States. In acknowledging that the Tennessee and Florida phosphate reserves were 
finite and would one day become depleted, he put emphasis on ensuring the supply of P to 
ensure the health of the nation’s soils.  While little attention has been paid to the issue of P 
sustainability over the years, the agricultural community in the United States apparently took 
up Roosevelt’s challenge to feed the world, and by the year 2000 the use of fertilizers had 
quadrupled in the US, resulting in a dramatic increase in food production, now referred to as the 
Green Revolution.  It should also be noted that those 50 years also witnessed a doubling of the 
global population (Childers, Corman et al. 2011).  
 
One of the most famous experiments on the role of P in eutrophication was carried out in a 
curtained lake in Canada in the late 60’s, where it was determined that algae blooms were the 
result of excess phosphorus in the aquatic system (Vollenweider 1968). In the light of the results 
from this experiment, many states in the United States introduced a ban on the use of 
phosphates in detergents, and eventually a self-regulated industry-based ban came about in 
2010. It should be noted that in the United States, agricultural policies are the responsibility of 
individual states and not central government. 
 
Researchers in Arizona State University are at the forefront of the discussion on sustainable P 
in the United States.  The Sustainable Phosphorus Initiative was born from their efforts, and 
aims to implement change which stems from the results of their research, much of it stemming 
from an interest in restoring the quality of the aquatic system by managing the nutrient flow 
more effectively. The Sustainable Phosphorus Summit, which is held annually at different 
locations around the world and brings together researchers and stakeholders from many related 
fields, also stemmed from the efforts at Arizona State University.   
 
The Great Lakes Water Quality Agreement of 1972 was a bilateral agreement between Canada 
and the United States, and was established in response to the challenge imposed by the 
eutrophication problem of the 1960’s.  This project is considered to have been very successful, 
and while there have been changes to its implementation over time, P in Canada continues to be 




1.4.5  Japan 
 
The first initiative devoted to the issue of sustainable phosphorus in Asia was established in 
Japan in 2009. There have been two workshops held in Japan in an effort to set up an agenda for 
sustainable phosphorus in recent years, one in Tohoku University and one in Keio University.  
Japan, however, has not adopted any national policies related to sustainable P and has no 
nutrient platform. 
 
In the 1970’s, the eutrophication of Lake Biwa, Tokyo Bay and Japan’s Inland Sea served as 
motivation for Japan to begin its efforts to remove P from the aquatic environment. Osaka 
University established the Phosphorus Research Institute in 2008, which has played a role 
advising prefectural governments and the Ministry for Agriculture about P issues. One of the 
outcomes is that prefectural governments in Japan have mandated the removal of P from 
wastewater, and the technology in place in many of Japan’s wastewater plants is state of the art. 
Other outcomes of the Phosphorus Research Institute include the establishing of a national soil 
data base.  Prefectural governments use this data base to advise farmers on their soil 
conditions and to recommend specific quantities of fertilizer to their soils, which has resulted in 
a significant reduction in the amount of phosphate fertilizer used in Japan.  Another outcome 
of the Phosphorus Research Initiative has been the diversification of Japan’s phosphate rock 
suppliers. 
 
The Phosphorus Recycling Promotion Council was established by seven individuals representing 
a diverse range of interests, including university, industry and government agencies, in order to 
bring together various phosphorus stakeholders and to ensure there are no knowledge gaps in 
the challenge to implement innovative technology in the recovery of P as a resource.  
Phosphorus is currently being recovered from human waste, and from the waste stream, and 
also from incinerator ash for use as phosphoric acid in industry or as phosphate by the fertilizer 
industry. Despite generous subsidies provided by the national government to establish the 
necessary infrastructure, there is still quite a gap between the available technology and its 
implementation. The multi-stakeholder co-operative is committed to closing the knowledge gaps 
and to raise awareness of the link between the P supply, soil fertility, national food security and 
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developments in technology. The long term goals are better collaboration between the many P 
stakeholders and a marked improvement in P resource governance. 
 
1.4.6  Other Asian Countries 
 
In China and Korea, the pollution of the aquatic system has motivated interest in the removal of 
P from the waste stream, and water standards have been established for urban centers in both 
countries. This is in response to the P-as-pollutant issue, and the P-as-resource perspective has 
yet to gain much attention in either country.  China is home to large phosphate rock reserves, 
and outside the realm of mining and chemical applications, tends to consider P as an 
environmental pollutant. In recent years, however, there have been several regional material 
flow analyses on Chinese cities and regions published, indicating some interest in 
re-establishing the P loop in China as well.  
 
Korea is entirely dependent on P imports from China.  It plays a major role in the P story in 
Asia as a major phosphate fertilizer producer and supplier.  Few regional studies have been 
done on P as a resource in Korea. It should be noted that Korea has a sophisticated steel-making 
industry, and therefore produces P as a waste product in steel making slag. As a major 
agricultural country, Vietnam has shown particular interest in the management of P as a 
resource. A number of regional material flow analyses have been carried out in Vietnam. 
Vietnam has become a major supplier of yellow phosphorus in recent years. 
 
The International Rice Research Institute was established in 1960 at the University of the 
Philippines to pay attention to the issue of food security in Asia. This NGO has 16 offices 
throughout Asia and is the largest agriculture-based NGO in Asia. It was established to 
research better agriculture practices for rice crops, and to work towards a better environment.  
This organization has not published research or data that might help farmers in Asia 
understand their soil conditions, or which might contribute to better P management. 
 
1.4.7  The Sustainable Phosphorus Summit 
 
An opportunity for all the interested parties involved over the whole range of issues relevant to 
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sustainable P from all over the world to come together and learn from each other is afforded 
every two years at the Sustainable Phosphorus Summit. Each time the participants represent a 
larger number of countries and regions, and therefore bring new perspective and challenges to 
light. While there are some individuals from industry and academia representing regions in 
Asia, Africa, the Middle East and Latin America, these whole regions are sorely 
under-represented.  Most nations in these regions have no P platform and have expressed little 
interest in P resource governance. 
 
1.4.8  The Need for More Region-based Platforms 
 
As stated above, although there are individuals who have dedicated themselves to the P 
challenge all over the world, there are no P platforms for Latin America, Africa or Asia, and 
many countries are being left out of the work that is being done.   Region-based platforms are 
the single best way to ensure that all countries will have access to all the P they need in the long 
term. Esrey pointed out that the total phosphorus in the waste stream depends on a number of 
factors, including the size of the population, the daily food intake and the dietary preferences, 
and the number of livestock (Esrey 2001). Yokoyama-Matsubae added steel making slag to the 
list of potentially recoverable P sources (Yokoyama, Kubo et al. 2007), presenting a new 
opportunity for steelmaking nations. The feasibility of recycling inevitably differs from one place 
to the next, and depends on the availability of technology, the cost, and the various stakeholders 
in that particular society who have the power to facilitate, resist or block change.  
 
It should be noted that in an overview of the global challenge to achieve P sustainability, Cordell 
estimated that demand for P must be diminished by a factor of two thirds, and that the 
remaining one third must be met by the recycling of recovered P (Cordell 2010). She also notes 









1.5  Asian Economy and Positions for the Phosphorus Market 
  
As economies and populations in Asia grow, the dual impact of urbanization and a richer food 
culture has brought about rapid increases in the quantity of P involved in the P-flow in many 
various communities along with the increases in the demand for P in those regions. According to 
the revision of the United Nations World Urbanization Prospects in 2014, Asia is still 
predominantly rural, with between 40 and 48% of all the inhabitants of Asia estimated to be 
living in cities.  According to this report a staggering 90% of the entire world’s rural 
populations are found in Asia.  The world’s two biggest rural communities are in India and in 
China, with populations of 857 million and 635 million, respectively (UNESA, 2014). Japan is 
home to one of the most urban populations in the world, with urbanization at well over 90% and 
also boasts the world’s largest city: according to UN definitions, Tokyo has approximately 37 
million dwellers.  Urbanization in Asia is proceeding at approximately double the international 
rate, and Asia is now home to 11 of the world’s top 20 mega cities.  
 
The demographic and economic situation in Asia presents unique challenges quite unlike those 
faced by, for example, Europe. Brennan estimated that a rapidly developing city in a developing 
country would require 6000t of food annually, and that the urban poor, which by his estimations 
would account for between one quarter and one third of the total population of the city, would 
require cheap food produced nearby (Brennan 1999). Qiaou and Zheng concluded that the issue 
of sanitation needs to be addressed, and that an alternative must be found to the end of pipe 
treatment system in order to close the P loop in order to feed the populations of such cities (Qiao, 
Zheng et al. 2011). This was also a point made by Milhelcic, who noted that many of the rapidly 
urbanizing cities in the developing world are already experiencing water stress (Mihelcic, Fry et 
al. 2011).  
 
A number of material flow analyses have been conducted in Asia to determine the P story in a 
targeted area. The advantage of using material flow assessments is that it is possible to identify 
and quantify the input, the loss and the output of P-waste, and therefore determine where 
improvements can be made in the flow. Baker stresses the importance of carrying out MFAs for 
P in urban areas to help in the task to conserve P and to avoid what he calls a “brown 
devolution”, a term, which in contrast to the “green revolution”, brings up connotations of crop 
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failure, poor harvests, and the inability of agriculture to provide sufficient food to feed the 
population (Baker 2011).  The “brown revolution” would by definition result in widespread 
famine, and would have devastating consequences for humanity.  
 
MFA analyses have been conducted for a number of cities and regional areas in China, and have 
highlighted the very different challenges facing the urban, regional and countryside areas of the 
country (Liu, Chen et al. 2007, Li, Yuan et al. 2010, Qiao, Zheng et al. 2011). In his material flow 
analysis of phosphorus in Tianjing and Beijing, Qiao found that almost two-thirds of the P 
remained in the environment. Liu clearly linked food production and the huge increase in 
resource consumption with the environmental pollution in China, showing that tens of millions 
of tons of P end up in the aquatic system each year (Liu, Mol et al. 2004). In another study on 
the use and efficiency of P-flow in three staple crops, Ma showed there was significant potential 
to increase P efficiency by improving P uptake in the soils, recovering P from plant food, and 
utilizing animal excreta more effectively (Ma 2011).  The flow of both dissolved and particulate 
P in the Chinese river system to the ocean was studied by Qu and Kroeze along with nitrogen 
and carbon (Qu and Kroeze 2012). 
 
In the case of Japan, Matsubae has conducted a series of MFA analysis for the whole economy 
(Matsubae-Yokoyama, Kubo et al. 2009, Matsubae, Kajiyama et al. 2011).  According to the 
concept of virtual P introduced by Matsubae, Japan consumes twice the amount of virtual P 
than the amount of P it imports for use in fertilizers, indicating a large dependence on foreign 
agriculture (Matsubae, Kajiyama et al. 2011). Matsubae also showed that the Japanese 
steelmaking industry produces approximately the same amount of P in its dephosphorized 
steelmaking slag as that imported in the form of phosphate rock.  These studies have shown 
the specific challenges facing Japan and have indicated opportunities for addressing the issue of 
P recovery and recycling utilizing steelmaking slag. 
 
While there have been few other material flow analyses carried out in Asia, some studies on 
Vietnam have been reported where the focus was more on nutrient management than on 
optimizing the use of P.  The purpose of the material flow of P in Vietnam carried out by 
Aramaki was to improve nutrient management (Aramaki 2010). In another study, the aim was 
to optimize symbiosis between agricultural practices and urban waste management 
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(Montangero A 2007). 
 
During much of the twentieth century, prosperity and power belonged to Europe, the United 
States and to the Soviet Union.  Japan stands out as the one and only Asian country that 
became an economic and industrial success in the latter part of the twentieth century.  While 
steel production using the blast furnace was winding down in the western nations and a larger 
part of steel production was being taken up by the EAF process, Japan was setting up new blast 
furnaces to produce the steel to meet the demand of the then expanding economy. A resource 
poor nation, Japan has long prided itself on its technology and its superior products, and so a 
dephosphorization step was added as one of the decontamination steps to the Japanese steel 
making process, making Japanese steels sought after the world over.   
 
The lessons to be learnt with regard to how Japan’s steelmaking industry contributes to the 
success of this nation are lessons for all up and coming nations around the world.  By looking at 
how the innovative minds of Japanese industry have created change in steelmaking practices, 
countries which decide to set up their own steelmaking industries can learn much with regard to 
energy conservation, waste reduction, and resource efficiency.  While the lessons apply equally 
to the countries of Africa, South America and Asia which have yet to see prosperity, they are 
particularly pertinent to Asia, since it is India and China where the pace of change is 
outstripping countries in other regions, and it is generally agreed that the 21st century belongs 
to Asia.    
 
Since economic development is inexorably mixed up with a high demand for resources, including 
steel and P, as well as the issues of population growth, the need to feed the masses and a need to 
maintain our environment for the future, the Japanese steel industry is in a unique position to 
serve as a role model for the steelmaking nations of the future.  By serving as a model of how to 
recover the P from the steelmaking waste stream, Japan will be helping the economically 








1.6  Research Objective 
 
While the debate about P-supply has motivated much of the research over the past few years, 
this thesis is focused instead on the issue of dependency on P imports and the risks associated 
with it. A future scenario for P requirements is made, and is followed by an analysis of the 
potential of the P recovered from steelmaking slag to contribute to that demand. The candidate 
technologies developed thus far for the purpose of P separation in the steelmaking industry are 
briefly introduced and are compared with regard to their strengths and weaknesses. A 
discussion focused on the relevant stakeholders and their concerns is presented with a best-case 
scenario envisaged in the context of Japan.  This set of investigations allows for an assessment 
of the potential for the P recovered from the steelmaking industry to break, or at least lessen, 
their dependency on foreign imports of P, and thus to improve the nation’s P portfolio and 
improve national security.  
 
Chapter 2 includes an analysis of the dependency of Asian countries on P imports, and on the 
vulnerability associated with this dependency. The objective of the research detailed in this 
chapter is to develop a detailed map of the primary and secondary P flows in the Asian region, 
and to then determine the P dependency of each of the Asian countries based on this flow and 
also considers the flow of P into those countries from non-Asian sources. A dependency index 
was developed as an indicator of the vulnerability of each of the Asian nations with regard to P 
imports. 
 
 In Chapter 3, the P required to feed the populations in three Asian nations are presented in 
detail. The objective of the research outlined in this chapter was to make extrapolations 
considering changes in the diets, the changing economy and increased urbanization to predict 
the amount of P which will be required to feed the populations of these three countries in 2050.  
The concept of virtual P developed by (Matsubae, Kajiyama et al. 2011) was applied together 
with trade data to determine the future virtual P requirements to feed the populations of China, 
India and Japan.   
 
In the light of the vulnerability that comes with dependency on external sources of P assessed in 
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Chapter 2, and the P required to feed the populations as predicted in Chapter 3, Chapter 4 offers 
a new technological opportunity for Asia, with its growing economies and huge appetite for steel, 
to become more self-sufficient in P.  The objective of the study in Chapter 4 is to determine the 
potential to recover P from the steelmaking slag, and to analyze the strengths and weaknesses 
of the technologies available at present to embark on such a task.  Steelmaking data is 
analyzed to determine the extent to which China, India and Japan can reduce their dependency 
on P imports by recovering P from steel-making slag and recycling that P domestically.  This 
analysis highlights the opportunity for China, India and Japan to reduce the security risk 
associated with dependency on P imports and feel confident in the knowledge that their 
populations can be fed well into the future. 
 
The discussion in Chapter 5 is focused on the various stakeholders and their concerns, as well as 
the role they would play in the transition to a society where the use of recovered P from 
steelmaking slag is the norm, and the dependency on foreign imports is thus broken, resulting 
in increased national security. From the discussion of the bottlenecks envisaged in Japan and 
the strategies for overcoming them, a best case scenario emerges which highlights the feasibility 
of making the change from the business-as-usual dependency on foreign imports of P to a system 
where the P which enters the nation as in the iron ore imported by the steelmaking industry, 
considered as a contaminant by the steelmakers and as an essential nutrient by the producers of 
the nation’s food, is utilized to break the dependency on foreign imports of P to feed the 
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2. Dependency Ratio and International Trade of Phosphorus in Asia 
2.1 Overview 
 
Since P is essential for cell growth, it is an absolute requirement for all living things. As one of 
the main components of DNA, RNA, and ATP in animal and plant bodies, there is no substitute 
for phosphorus in agriculture(Vaccari 2009). The primary source of P is mined phosphate rock, 
most of which is processed to produce fertilizer. Of the 18.9 million metric tons of P produced 
annually almost 75% is allocated to fertilizer production (Villalba, Liu et al. 2008). Phosphorus 
is also used in industrial products such as fire retardants, glues, food additives, and surface 
preparation agents. With phosphorus so closely related to all aspects of our lives, it is reasonable 
to argue that our modern lives are dependent on the mining, processing and use of phosphate 
rock as phosphorus.  
 
The three largest producers of phosphorus ore are China (37%), the USA (15%), and Morocco 
(15%), which account for two thirds of all the phosphate rock mined (Cordell, Drangert et al. 
2009). The next top five producers are Russia, Tunisia, Jordan, Brazil, and Egypt.  It is 
estimated that Morocco accounts for more than one third of all the phosphate rock reserves in 
the world.  With no phosphate reserves of its own, all of Japan’s phosphorus needs must be met 
by importing. This situation is typical of many Asian countries. Notable among them is India, 
with its limited phosphate reserves (in Rajasthan) and phosphorus poor soil, and therefore a 
heavy dependence on phosphorus imports to feed its huge population (85%).  
 
The situation of phosphorus is often likened to that of oil.  It is unevenly distributed, largely in 
parts of the world which are not considered stable from the geopolitical and economical 
perspectives (Wyant, Corman et al. 2013). In the wake of the Arab Spring, instability in the 
MENA (Middle East North Africa) countries has become an increasing worry, since civil unrest 
can and has resulted in toppled governments, slower economies, and tense trade relations.  
 
The United States no longer exports phosphate rock, and the Chinese government has imposed 
an export quota on it(USGS). However, both countries are large exporters of value-added 
product, in the form of yellow phosphorus, chemicals for phosphate fertilizers, and phosphate 
fertilizers.  The wisdom of long term reliance on exports from these countries has been called 
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into question, with some environmental activists predicting that US supplies may be exhausted 
by 2030. Indeed, despite its large reserves, some 10% of US phosphorus is reportedly imported 
from Morocco.  As the world’s largest agricultural producer, fertilizer consumption in the 
United States is extremely high.  In the case of China, the situation may be akin to that of rare 
earth metals, where China may well seek to ensure its phosphate rock is available for domestic 
consumption rather than export it, or otherwise impose high tariffs on phosphorus exports. 
Indeed, a tariff was imposed in 2008, temporarily resulting in a huge price hike in phosphate ore 
worldwide and a subsequent rise in food prices all around the world (Schneider, 2008). 
 
Ultimately, the importance of P as a resource is expected to grow over time.  Indeed the price of 
P-rock in 2010 was higher than that of 1995 by a factor of 2.5. The availability of P to meet local 
demand in most countries is heavily dependent on geopolitical issues. This renders importing 
nations at risk of not being able to secure the P they need to meet local demand, which would 
have devastating consequences since agriculture is dependent on that P supply to produce the 
food necessary to feed the populations.  That is, a shortfall in the P-supply would be akin to 
widespread crop shortfalls, and would not only drive up food prices but also require food to be 
imported to feed the population. 
  
In this chapter, the P-dependency of Asian countries, and the top five Asian economies in 
particular (China, India, Japan, South Korea and Indonesia) is determined to assess their 
vulnerability with regard to P supply.  In order to achieve a country by country breakdown, the 
BACI statistics are analyzed to provide a detailed flow of phosphorus, with particular focus on 
the Asian region. The 2005 statistics were chosen because they remain the most recent set of full 
trade data and Japanese Input Output Table available. Once a detailed flow is determined, the 
dependency of these five countries is assessed by the HS code with a particular focus on 
phosphate rock, yellow phosphorus, phosphate chemicals used in fertilizer production and on 
phosphate fertilizers. In the light of the findings regarding dependency, the geopolitical issues 





2.2  Data and Settings 
2.2.1  Data  
 
First, the material flow of phosphorus for each commodity and each country is estimated. 231 
countries are set in BACI (Base pour l'Analyse du Commerce International) and 286 
commodities are extracted from the HS code (BACI 2013). All data used in this study are from 
2005. The commodities used in this study are separated into the four categories shown in Table 
1, based on P flow from overseas to Japan, as was estimated by Matsubae (Matsubae 2015).  
 
In this study, the 2005 BACI statistics are analyzed to ascertain which countries were key 
players, with particular focus on the Asian region.  Since China and India are the two biggest 
economies in Asia, the trade statistics relevant to these countries are analyzed closely. Japan, 
















Table 1 Commodities and its phosphorus contents 
 
Commodities HS Code P contents
Phosphate ore 251010251020
13.46%




2. Phosphoric acid and polyphosphoric acids
3. Sulphides of non-metals except carbon disulphide
4. Phosphinates and phosphonates




9. Calcium phosphates except hydrogen-orthophosphate
10.Phosphates of metals nes
11.Sodium triphosphate
12.Polyphosphates of metals except sodium triphosphate
13.Phosphides, whether/not
14.Phosphoric esters, their salts and derivatives
15.Thiophosphoric esters(phosphorothioates),salts,derivs



































1. Animal or vegetable fertilizers, in packs >10 kg
2. Superphosphates, in packs >10 kg
3. Phosphatic fertilizers, mixes, nes, pack >10kg
4. Fertilizer mixes in tablets etc or in packs <10 kg
5. Nitrogen-phosphorus-potassium fertilizers, pack >10kg
6. Diammonium phosphate, in packs >10 kg
7. Monoammonium phosphate & mix with diammonium,
<=10 kg
8. Fertilizers with nitrates and phosphates, nes, <=10kg
9. Fertilizers with nitrogen and phosphorus nes, <=10kg



























2.2.2  Settings 
 
Equation (1) is used to estimate phosphorus flow following commodities. 
 
𝑃!" = 𝑇!"×(1 −𝑊!")×𝐶𝑜𝑛𝑡!"	 	 	 	 	 (1) 
 
Note that 𝑃!", 𝑇!", 𝑊!", and 𝐶𝑜𝑛𝑡!" refer to, respectively, the amount of P flowing to country j (or 
from country j) following commodity i, the amount of commodity i flowing (import volume or 
export volume of country j, referring to BACI data), the water content of commodity i, and the P 
content of commodity i (Wij and Contij are estimated with reference to existing databases). The 
commodities containing P analyzed in this study and their P content are listed in Table 1. 
 
	 In order to determine the dependency of importer of phosphate rock, yellow phosphorus, P in 
chemicals and their phosphorus in fertilizers, the dependency ratio, S, was calculated using the 
following equation, 
 
S!"! = 𝑋!"!/𝑋!! 	 	 	 	 	 (2)   
S!"! = 1!!!! 	 	 	 	   	 (3)   
 
where 𝑆!"!  is the share of the k commodity imported from i country in j country. 𝑋!"!  and 𝑋!! are 
the import amounts of the k commodity from i country and the total import amount of the k 
commodity in j country. This defines the market shares in a range from 0 to 1.0, moving from a 







2.3  Results 
2.3.1  Whole Flows 
 
The global P flows from region to region shown in Figure 1 represent the accumulated P in the 
international trade of yellow phosphorus, P compounds, phosphate fertilizer, and phosphate 
rock. According to the estimated results, of the 5000 kt of P as phosphate rock that was traded in 
2005, approximately 1300 kt was imported by Asian countries, accounting for about one third of 
the total amount of the global phosphate rock trade.  The Asian trade in yellow phosphorus, 
however, constituted more than half of the global commercial activity for this commodity, with 
50.8% of the 308.5 ton of P as yellow phosphorus traded in 2005 imported by Asian countries. 
Almost two thirds of the nearly 300 kt of P compounds traded in 2005 was destined for Asian 
countries.  The global trade in P in agricultural fertilizers was almost equivalent to the sum of 
the total trade in phosphate rock, yellow phosphorus and P in chemicals.  Of the 6200 kt of P 
























2.3.2  Phosphate Rock 
 
	 While the 2005 trade figures indicate that some countries imported phosphate rock from a 
variety of countries in 2005, other countries were strongly dependent on just one or two 
exporters. Just ten countries exported more than 95% of all the phosphate rock traded 
worldwide in 2005, with the top five exporters accounting for 83% of all the trade.  Among them, 
Morocco traded a massive 43% of the global total, and the next four largest traders in phosphate 
rock fall way behind, with Jordan, Russia, Syria and China exporting 13%, 12%, 8% and 6% of 
the total amount traded in 2005.  
 
Accounting for just over 31% of global phosphate rock imports in 2005, a total of 16 countries 
exported phosphate rock in quantities of 500 tons or more to Asia, from places as diverse as the 
Bahamas, New Caledonia, New Zealand, Togo, Israel and South Africa as well as the major 
exporters. Of the almost 1600 kt imported by Asian countries, five countries accounted for more 
than 96% of all imports: Jordan accounted for 30% of all the phosphate rock imported in Asia, 
and Morocco, China, Egypt and Togo accounted for 30%, 27%, 17%, 11% and 11%, respectively.  
While Russia, Tunisia and Algeria were major exporters in the global market, they did not play 
a significant role in Asia.  
 
While some Asian countries depended heavily on one or two countries for their phosphate rock, 
other countries imported from a wide variety of sources, as shown in Figure 2.  India was the 
world’s largest importer of phosphate rock, importing more than 727 kt of P in phosphate rock, 
or twice that of any other country. India depended on just three sources: It depended on Jordan 
to provide approximately half of its P as phosphate rock, and another 21% and 15% came from 
Morocco and Togo, respectively. It should be noted here that only 3% of India’s requirements 
came from China. Japan imported about half of its P as phosphate rock from China, about 30% 
from Morocco, and 20% from Jordan. In the case of South Korea, however, 70% of its phosphate 
rock came from China, and 22% originated from Morocco. Indonesia, the other of the top five 
economies, imported more than 75% from just two sources: Morocco and Egypt. China played 
the role of exporter and imported negligible quantities of P as phosphate rock in 2005 (41tonnes) 




Many of the large importers of phosphate rock varied their sources, as shown in Figure 2.  
Pakistan imported just 10% less phosphorus as phosphate rock than India, it chose to import 
more than two thirds of its needs from Morocco, and about 20% from Jordan.  Notably, no 
Chinese phosphate rock was imported by Pakistan in 2005. As can be seen from Figure 2, many 
countries were non-importers of phosphate rock in 2005. 
 
While China imported negligible quantities, its exports of P as phosphate rock accounted for 
approximately 5% of the global total in 2005. Approximately 52% of Chinese phosphate rock was 
imported by South Korea, and Japan was the next largest market at 18.6%, followed by India, 
the Philippines, and then Australia and New Zealand, at 13.5%, 9.0%, 7.7% and 5.8% 
respectively.  The remainder of the Chinese phosphate rock was imported by Bangladesh, 
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2.3.3  Yellow Phosphorus 
 
	 With regard to the 2005 trade in yellow phosphorus, exports from China account for 
approximately half the global trade. Yellow phosphorus is used extensively in industry in the 
production of cars, in paints and in electronics. It is produced from phosphate rock by a limited 
number of countries, notably China and Vietnam. Japan was the biggest importer, importing a 
total of 30.9 kt of phosphorus as yellow phosphorus, or 30% of all the yellow phosphorus traded 
by China. South Korea also imported significant quantities of yellow phosphorus, comprising 6% 
of China’s yellow phosphorus export market in 2005.  Together Japan and South Korea 
imported approximately 44% of Chinese yellow phosphorus. Chinese exports accounted for 
97.5% of Japan’s yellow phosphorus imports, and 87.5% of South Korean imports. 
 
The amounts of P in yellow phosphorus imported by various countries are plotted with the HHI 
values for those countries in Figure 3. Japan stands out as a large importer with a heavy 
dependence on one country. India was also a large consumer of yellow phosphorus in 2005 with 
a heavy dependence. In fact, Japan and India accounted for approximately 20% of all the 
Chinese exported yellow phosphorus in 2005. The combination of Japan, India and South Korea, 
which also showed a heavy reliance on China, were equivalent to approximately 25% of the 
global market that year. Though Indonesia imported very little yellow phosphorus, 
approximately half of its requirements came from the United Kingdom, and less than 10% came 
from China. Countries which imported very small quantities of yellow phosphors typically 
showed a high dependence on one source. 
 
It should be noted that while Europe relied heavily on CIS states to meet its yellow phosphorus 
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2.3.4  Chemical Compounds 
 
A total of 3,264,491 tons of P was traded in the form of P-containing chemicals in 2005, 
according to the BACI statistics. Approximately 360 kt, or about 11%, was exported from Asia, 
with China accounting for 83% of the Asian export market and 9% of the global export market. 
China was the world’s fourth largest exporter of P in chemical compounds in 2005, ranking 
behind Morocco, which had almost double the exports of its nearest competitor, Tunisia (667 kt 
compared to 365 kt), and South Africa was only slightly ahead of China’s 299 kt. 
 
Approximately two thirds of the Chinese produced phosphorus-containing chemicals was 
exported to Asian countries. South Korea, Japan and Taiwan were its biggest importers at 12%, 
9.2% and 8.8% of its Asian market. Almost every country in Asia imported P in chemicals from 
China. The import quantities and dependencies of various countries are shown in Figure 4. 
India imported significantly more than other Asian countries, but did not show a particularly 
strong dependency on one importer. While most countries imported their P-containing chemicals 
from a variety of sources, as indicated by the relatively low HHI values, many countries in Asia 
depended on China for a considerable portion of their P-containing chemicals. Chinese 
chemicals accounted for 90% of all Thai imports, 41% of Iranian imports, 71% of the South 
Korean imports, and 46% of Indonesian imports.  Both Japan and the Philippines imported 
about one third of their needs from China in 2005, with Japan importing almost two thirds of its 
needs from South Africa, and the Philippines importing from the United States, and a variety of 
other Asian states. In the case of Indonesia, almost equal imports from Morocco, Tunisia and the 
US made up another 30% of its imports, and the remaining 24% was imported from within Asia. 
High HH index values were noted for countries with small imports.  
 
Despite being the biggest importer of P in chemicals in Asia, with its imports totaling twice 
those of the rest of Asia combined, India imported less than 1% of its requirements from China 
in 2005. India imported its supplies from a wide range of sources, with Morocco and South Africa 
both accounting for more than a quarter of its imports, and Tunisia and Senegal providing India 
with 13.5% and 14.5% of its needs. India also imported P-containing chemicals from the US, 




Chemicals containing P were traded quite extensively within Asia from countries other than 
China. Approximately 6 kt of P of the nearly 50 kt of P Indonesia imported in such chemicals, 
South Korea provided more than half. South Korea exported another 17 kt around the world, to 
countries as diverse as Kenya, New Zealand and Belgium, but most of the 23 kt of P it exported 
in these chemicals was destined for other Asian countries. Almost all of the Asian countries 
which imported P-containing chemicals imported some from South Korea. Japan, Thailand and 
Malaysia also exported P-containing chemicals widely throughout Asia.  
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2.3.5  Phosphorus in Agricultural Fertilizers 
 
According to the BACI data for 2005, the amount of P traded in agricultural fertilizers exceeded 
that of the phosphate rock, yellow phosphorus and chemicals containing P combined.  A total of 
6,160 kt of phosphorus in agricultural fertilizers was traded that year, with Asia accounting for 
34.5% of the imports, and exporting 8.6% of the global exports. South Korea and Thailand stand 
out among all the other Asian countries as being the only net exporters of P in agricultural 
chemicals in Asia.  While a total of 20 Asian countries exported phosphate fertilizers in 2005, 
their imports way exceeded their exports typically by a factor of 1:10, South Korea exported 
more than three times what it imported (60 kt and 18.7 kt , respectively), and Thailand exported 
about half as much again as it imported (17 kt and 12.6 kt, respectively). 
    
Just ten countries controlled 75% of the market in phosphate fertilizers in 2005, with the United 
States commanding more than one third of the global market. With its 2000 kt and Russia’s 
1000 kt of P in phosphate fertilizers, together they accounted for half of all trade in the global 
phosphate fertilizer trade. The third largest exporter was Morocco, exporting less than one third 
of Russia’s exports. China ranked as the world’s fourth largest exporter of P in agricultural 
fertilizer in 2005, exporting a total of 342.9 kt of P as phosphate fertilizer, 61% of which was 
destined for the Asian market. While a total of 13 Asian countries imported phosphate fertilizer 
from China, Vietnam, Bangladesh and Indonesia accounted for more than 90% of Chinese 
export market, at 52%, 28% and 12%, respectively. 
 
While China was the largest exporter of phosphate in agricultural fertilizers in Asia, its imports 
exceeded its exports. Indeed China was the world’s largest importer of P containing fertilizers in 
2005.  China imported more than 550 kt of phosphorus in fertilizers that year, more than 200 
kt more than it exported. Over 60% of China’s imported phosphorus as fertilizers came from the 
United States that year, with the remaining 40% coming from a number of other countries.  
 
The amounts of phosphorus in fertilizers imported by various countries and their dependencies 
are shown in Figure 5.  The second and third largest importers of P in fertilizer were also Asian 
countries in 2005.  China, India and Pakistan accounted for more than 20% of the global 
market in fertilizers.  Like China, India relied on the United States for more than half of its 
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phosphate fertilizer needs, but imported from another 8 countries, Russia being the only major 
contributor among them (accounting for 17% of India’s import volume). Pakistan, on the other 
hand, did not have a strong dependency on the United States for its phosphate fertilizer needs.  
Just 4% of its requirements were met by the United States.  Rather, Pakistan imported 

















































































































































































































































































































































































































































































































2.4  Discussions 
 
2.4.1  General Tendencies Affecting Phosphate Rock Imports 
 
In this study, the supply of P has been clarified, with a focus on Asia. Large quantities of P are 
imported into Asia in the form of phosphate rock, yellow phosphorus and chemicals for use in 
the fertilizer industry as well as actual phosphate fertilizers. The uneven distribution of raw P 
materials like phosphate rock has resulted in a tendency for countries to have a strong 
dependency on just one or a few of the countries which produce them. 
 
The top six countries by export volume of phosphate rock are all countries with large phosphate 
reserves, and these countries export about 60% of all the phosphorus exported globally(Vaccari 
2009, Kauwenbergh 2010). Although Russia, South Africa and the United States have 
phosphate rock reserves, these countries choose to process the P and export it as value-added 
product, mostly as phosphate fertilizer, since the profit margin is considerably better. It would 
be wise to expect that other countries will follow suit and that less and less phosphate rock will 
be available as an import commodity over time. This will inevitably mean that the P 
requirements of countries which rely on P-imports will be met at a higher cost.  
  
 The influence of the strategy in some countries to conserve P resources is evident in our results. 
The United States and China import large volumes of P, even though they have extensive 
phosphate rock reserves, and their export volumes are small compared to Morocco, where the 
production of phosphate rock was lower than the United States and China in 2005. As the 
economies in heavily populated countries continue to improve, their P-requirements will 
inevitably increase.  It follows that the agriculture sector will require increasing amounts of P 
over time to provide for the increasing population. Conservation strategies may threaten the 




2.4.2  Geopolitical Issues Affecting the Trade of Phosphate Rock General 
Tendencies Affecting Phosphate Rock Imports 
 
Besides the risks of price-setting and tariffs, there is the risk that political stability in one of the 
handful of countries with phosphate rock reserves will shut down supply. It should be noted that 
more than two thirds of the phosphate ore imported by Asia in 2005 was supplied by just three 
countries in the MENA (Middle EAST North Africa) region: Jordan (30%), Morocco (27%) and 
Egypt (11%).  There are issues of sovereignty, labor disputes, political grievances, civil strife 
and even civil war threatening the flow of phosphate rock and P products for use in industry and 
agriculture from these countries (UN 2008, UNEP 2012, Ryan 2015). Jordan is a major supplier 
of phosphate rock to Japan and India, and is also producing phosphoric acid to supply these 
countries with their demands. While Jordan remains politically stable for the time-being, the 
fact that civil war is raging in neighboring Syria, and that the Islamic State has a strong 
grounding in the region must be kept in mind. Disruptions to political stability in Jordan due to 
the war spilling over the borders, or to Jordan taking up arms against the Islamic State are 
possibilities which must be taken seriously (Stern 2014). While it is not possible to quantify the 
risks to the flow of P, it cannot be denied that instability may result in disruptions to mining, or 
delays at the ports.  While little information emerges about its impact on phosphate rock 
mining operations, the lack of stability in Egypt in the wake of the Arab Spring puts Egypt in 
the newspapers of the world on a regular basis, which is hardly encouraging to those seeking a 
stable, ensured supply of P. 
 
The issue of Moroccan phosphate rock reserves, however, presents perhaps the most significant 
geopolitical risk involved in relying on phosphate rock imports (Cordell and White 2011).	  In 
the 1970’s, Morocco marched into Western Sahara, located to the south of Morocco, displacing 
the Spanish and “liberating” Western Sahara from Spanish colonialism, vowing that it would 
henceforth remain a part of Morocco.  Despite numerous United Nations resolutions on the 
issue proclaiming that Morocco has no claim to the region, it is clear that Morocco has no 
intention of giving up control of phosphate-rich Western Sahara, where the local people are 
reportedly forced to work in appalling conditions in the phosphate rock mines (Rarick 2011). 
Demonstrations by the local Sahrawis against the Moroccan presence in the region have reared 
up and waned repeatedly over time. It is not inconceivable that the world’s longest conveyor belt, 
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an almost 100km long conveyor belt which transports 2000 tons of phosphate rock per hour and 
that can be seen from space, could be subject to sabotage, or that the Sahrawi’s may eventually 
engage in other activity that would disrupt the flow of phosphate rock out of “Morocco” and into 
the countries importing it to use in the production of phosphate fertilizer.   
 
It should be noted that there are a number of nonprofit organizations which actively represent 
the interests of the Sahrawi people: most notable among them is the Western Sahara Resource 
Watch, a Scandinavian nonprofit that aims to shame companies that benefit from the region’s 
exploitation.  In 2014, this group published, for the first time, a comprehensive list of fertilizer 
companies that import Western Sahara phosphate rock and P product. The United Nations has 
adopted numerous resolutions over the past 38 years aimed to put an end to the Moroccan 
occupation of Western Sahara and to grant sovereignty to the local people.  In 2015, the term 
“blood phosphate” has been used in various media to describe phosphate rock from Morocco, 
bringing mind to images of the “blood diamonds” that fueled the civil war and abuses of the RUF 
in Sierra Leone throughout the 1990s (Pecquet 2015). These reports have been designed to 
increase awareness of the situation in Western Sahara, and to bring about a consciousness 
which would, supposedly, bring about a boycott of “Moroccan” phosphate rock in line with the 
stance taken in Scandinavia (Cordell and White 2011).  
 
With increased international attention given to the plight of the Sahrawi people, there is 
speculation that as the occupation nears its 40th year, there is an increased risk that the people 
will become emboldened and stand up against the occupation. The production and export of 
phosphate rock from this region must be seen in light of this risk.  With an estimated 85% of 
global phosphate ore reserves, and with so many countries depending on phosphate rock from 
Morocco or on the Moroccan fertilizer company OCP for their phosphate fertilizer needs, the 
potential for damage caused by a disruption to phosphate rock production in the Western 








2.4.3  Geopolitical Issues Resulting from the Price of Phosphate Rock 
 
With phosphate reserves in the hands of so few countries, one of the risks is the imposition of 
tariffs on phosphate rock exports.  In the wake of the Sichuan earthquake in 2008, the Chinese 
government imposed a tariff on phosphate rock exports, which resulted in a huge hike in the 
commodity price (USGS, 2012). Although the tariff was soon dropped, the temporary hike has 
been considered at least partly to blame for the subsequent rise in global food prices, which 
sparked a series of food riots in a number of countries across the globe, particularly in those 
countries which are heavily dependent on food imports (Schneider, 2008).  In Asia, this food 
crisis saw demonstrations and riots in India and Indonesia, and in the Middle East, the riots in 
Egypt and Tunisia in particular are considered to have played a role in setting the stage for the 
Arab Spring (Zurayk, 2011).  This food crisis also set off sizeable riots in Senegal, Cameroon, 
Cote D’Ivoire and Mozambique, in Mexico, in Haiti and in Bolivia(Sanchez and Leakey 1997, 
Khouri, Shideed et al. 2011, Ahmed 2014). While there were certainly other factors contributing 
to the sudden hike in food process that year, the riots serve as a reminder to governments 
everywhere that rising food prices must not be expected to be easily absorbed by the general 
populations of any country. Just as the French Revolution began with a riot over the price of 
bread in Paris, rising food costs should be expected to galvanize an angry public into demanding 
change in many countries.  The heavy dependence in Asia on Chinese ore, either directly on 
phosphate rock, or indirectly as phosphate fertilizers produced in another country using Chinese 
ore, makes Asia particularly vulnerable to price hikes due to tariffs imposed in the wake of 
earthquakes or other disasters.  
 
Another large supplier of P commodities is South Africa. Although it does not export phosphate 
rock, South Africa exports large quantities of phosphate fertilizer, and many countries depend 
heavily on South Africa to meet their fertilizer requirements.  While the booming economy of 
post-apartheid South Africa is often hailed as a modern success story (van der Merwe 2010), 
whether or not stability in South Africa is real or tenuous is often debated. With the many 
different ethnic groups still feeling disenfranchised and with mounting discontent due to the 
lack of land reform in the post-apartheid era, it is possible that peace in South Africa is more a 
reflection of the perseverance of the people and a mark of respect for Nelson Mandela, the 
freedom fighter who brought an end to apartheid.  
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South Korea imports phosphate rock from China to produce large amounts of phosphate rock for 
export all around the Asian region. Particularly because South Korea is so heavily dependent on 
China for supply, there is a risk that it will not be able to secure the phosphate rock it requires 
to produce the fertilizer so many countries in Asia depend on.  Another risk is the potential for 
conflict on the Korean Peninsula.  Though still technically still at war, with no cease-fire 
having ever been declared, this nation enjoys relative peace and stability, but under the new 
regime of Kim Jung Un in North Korea, it is not clear how relations on the peninsula will 
develop.  Certainly the potential for the North Korean regime to engage in radical action if and 
when it is faced with collapse has been the subject of many security discussions in North East 
Asia (UN 2008, UNEP 2012)  In 2005, South Korea had a strong dependence on China for both 
its phosphate rock (68%) and P-containing chemicals (71%). 
 
2.4.4  Other Potential Risks to the P-supply 
 
Another risk involved with dependency on phosphate rock imports is the possibility of price 
hikes in ore prices in the event of an increase in the price of oil.  Since phosphate mining is an 
energy intensive operation, the commodity price of the phosphate rock will reflect any increase 
in the price of fossil fuels.  From this perspective, the cost of the phosphate rock will have a 
double-pronged price increase over time: on the one hand it will increase due to the depletion of 
the mines themselves, and on the other hand, it will increase due to increasing price of the fossil 
fuels, also in depletion. Both commodities are being consumed at rates far higher than they can 
be replenished. The competition for phosphate ore in the future will inevitably be competition 
for a much higher priced commodity than that of today.  These increased prices will affect the 
price of phosphate fertilizer, which will be ultimately borne by the consumer as food prices rise.   
Another conceivable risk is that the few countries with sizeable phosphate rock reserves could 
establish an OPEC-like organization, which would then engage in the business of price setting.  
The formation of such an organization could become a reality as the demand for phosphate rock 
becomes higher, the reserves become more depleted, the quality of the phosphate rock becomes 
lower and the competition among countries to secure the phosphorus they need becomes 
stronger. This presents an obvious danger to all those countries that depend on phosphate rock 
imports to meet their local P demand. This puts those countries entirely at the mercy of the 
handful of countries involved in price-setting, and in a worst case scenario, could make it 
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impossible for certain countries to meet their domestic demand, and therefore not be able to 
produce the necessary food to feed their populations. 
 
Competition for P-resources must be expected over time.  While the United States and China 
are the world’s largest producers and biggest consumers of phosphates, they are not in 
possession of the world’s largest phosphate ore reserves. It is inevitable that the day will come 
when domestic reserves in China and the United States become depleted. The competition for 
other available phosphate rock will intensify, driving up prices, and making it increasingly 





2.5  Summary 
 
 
In this chapter, a detailed analysis of the trade in P-commodities was conducted, with particular 
focus on the five biggest economies in Asia: China, India, Japan, South Korea and Indonesia.  
With particular attention to the Asian region, the flow of P emerged, highlighting the flow of 
dependencies on P, which may not be so obvious to the importers of certain commodities. That is, 
an importing country may not associate reliance on another country for P product as a risk, 
when in fact the exporter of that country is heavily reliant on just one source of P to produce 
that commodity. These hidden risks were elucidated from this study.  
 
Also in this chapter, the HHI Index was used to determine the dependency associated with the 
importation of four categories of P-commodities in Asia. Many countries were shown to be 
heavily reliant on one or two countries to meet their domestic P-demand.  The geopolitical risks 
associated with reliance on imports of P to meet domestic demand are discussed in this chapter, 
revealing that a dependence on imports of P constitutes a risk to national security that should 
not be dismissed.  The existence of these risks suggests that nations which make the decision to 
reduce their reliance on P-imports and to fully utilize the P which is already flowing through 
their economies by recovering P from the waste stream are indeed acting in the national 
interest. 
 
In the following chapter, the actual demand for P in the food supplies on China, India and Japan 
is estimated, and the data is extrapolated into the future to provide a better understanding of 
how the P-demand to feed the populations in these countries will change in the years leading up 
to 2050.   
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Having determined the vulnerability of the Asian countries with regard to their dependency on 
imports to meet their phosphorus demand in Chapter 2, the question turns to the implications of 
this particularly for the giants of Asia as their economies grow and as their populations explode. 
The demand for P inevitably rises with increases in the population. In this chapter, the P 
demand with regard to the food supply in China, India and Japan is investigated and projections 
are made for the future demand for the P to feed the populations in these three key countries. 
Economic improvement has been shown to have a profound effect on the consumption patterns 
of people everywhere (Gil, Gracia et al. 1995, Gerbens-Leenes, Nonhebel et al. 2010, Schneider, 
Havlik et al. 2011). Since the middle of the twentieth century, urbanization has proceeded at an 
unprecedented pace, placing new pressures on governments to be able to feed the world’s 
burgeoning cities, particularly in developing countries (Ginkel 2008). Supplying food to those 
dwelling in the world’s cities, most of which are coastal, has resulted in huge increases in the 
international trade in various foodstuffs (Tilman, Cassman et al. 2002). To meet the challenge of 
feeding the masses, major advances in agriculture have been made, including improved 
cultivation and irrigation methods, the widespread use of nitrogen and phosphorus fertilizers, a 
better understanding of how to offset crop pathogens, and the development of genetically 
modified (GM) crops (Tilman, Cassman et al. 2002). Clearly, the agricultural production of crops 
is the most important key for food supply. The vegetable and cereal crops produced in the 
agricultural sector are consumed both by human beings and by livestock to provide 
animal-based food.  
Besides the dramatic changes in agricultural practices which have taken place over the past 
century, refrigeration technology, economic conditions and demographic patterns, have had a 
profound effect on the consumption patterns of the world’s people.  While all of these will play a 
role in whether or not feeding the world’s people remains feasible in the future, nothing will be 
as important as access to the essential nutrients of life, P, N and K. While N is made available to 
us in the air that surrounds us, ensuring a ready supply of P is much more of a challenge. Since 
P is absolutely essential in the growing of crops, and the P level in soils is depleted by each 
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harvest, phosphate fertilizer is necessary to ensure that food harvests are sufficient to feed the 
world’s ever-growing population (Elser and Bennett 2011, Neset and Cordell 2012, Wyant, 
Corman et al. 2013). Phosphate ore is, however, a finite resource, with a handful of countries 
holding a monopoly on its supply (Abelson 1999, Christen 2007, Cordell, Drangert et al. 2009).  
In recent years, a number of studies have been published which have assessed food security 
from the life cycle perspective. The footprint studies are particularly closely related to the 
evaluation of food consumption: H2O was evaluated in the water footprint by Chapagain 
(Chapagain and Hoekstra 2011), CO2 in the carbon footprint by Hertwich (Hertwich 2009) and 
N in the nitrogen footprint by Galloway and Townsend(Galloway, Townsend et al. 2008). All of 
these could be considered representative studies of this research approach.  
In this study, the focus is on the amount of P that will be required to feed the populations of 
China, India and Japan as we approach 2050. In Chapter 2, it was concluded that India and 
China are the most important countries in Asia with regard to the international P trade 
considering both the demand and supply perspectives, and that the consumption of P in the 
Asian region is expected to increase in next few decades. In this study, the focus is on China and 
India, and also Japan so as to add to the already established P portfolio for Japan. In order to 
understand the P requirements of the future, we investigated the nature of the changing food 
supply for all the food categories in China, India and Japan over a 50-year period, and 
determined the actual and virtual P (as developed by Matsubae et al) required to supply the 
populations of those countries with food in accordance with the changes in the food supply. This 
data was then extrapolated linearly and adjusted to account for the predicted populations in 
these countries until 2050 to create a likely case scenario for the future demand for phosphorus.   
The importance of reducing the dependency on P imports and the vulnerability of the Asian 
nations described in Chapter 2 can be better understood in the light of a future scenario for the 




3.2  Data and Method 
 
In this study, the concept of virtual-P developed by Matsubae et. al. is used as an indicator to 
estimate the direct and indirect P requirements for the food supply in China, India and Japan. 
This index reflects the direct and indirect demands of P transformed into agricultural products 
and fertilizer. As in the case of virtual water (Hoekstra 2007), the consumption of agricultural 
products implies an indirect demand for P as a nutrient. In the vegetation process, fertilizer is 
used for plant growth. However, not all of the P in fertilizer is transformed into harvested 
products. Loss is caused by absorption in soil and waste in residual portions of agricultural 
products. In the feeding process, the food chain underlies the indirect P demand. A material flow 
analysis focusing on the P contained in products tends to neglect such P flow. The virtual-P is 
estimated by considering this hidden P flow. The hidden P is defined as the total P requirement 
excluding the amount contained in agricultural products and including the loss to the soil, 
non-edible parts of plants and animals, and feed for livestock from a life cycle perspective. This P 
loss includes soil accumulation and the portions of agricultural products that are left over. The 
virtual-P is estimated as follows: 
V! = P!:! + P!:!                                     (1) 
Note that Vi refers to the amount of virtual- P for product i. Vi was defined as the sum of the 
hidden phosphorus input Pi:h and the phosphorus contained in products Pi:c.  
To estimate the virtual-P for each agricultural and food commodity, it is necessary to have a full 
set of data, as shown in Table 2. The P requirement for one unit of agricultural production is 
estimated on the basis of fertilizer statistics and lifecycle inventory data of livestock feed.  
The quantity of each agricultural product in distribution and its P content is determined by 
referring to Japanese statistics, including the Food Balance Sheet, the Food Composition 
Database and other references (prefecture , Andersson, Ohlsson et al. 1994, Bruno, Unkovich et 
al. 2011, USDA 2013, Roos 2014). The P content and P requirement to deliver animal-based food, 
including cattle, pigs, chickens and other livestock, are derived from the Yearbook of Fertilizer 
Distribution, the Food Balance Sheet and other references (Hospido 2003, NARO 2009). Here 
the P content of each commodity and its P requirement is assumed to be the same for China, 
















P	  contents	  in	  
dried	  commodity Yield	  ratio	  of	  P	  
Alcoholic	  Beverages 63.46% 0.06% 71.34%
Cereals	  -­‐ Excluding	  Beer 18.38% 0.32% 36.27%
Fruits	  -­‐ Excluding	  Wine 75.66% 0.11% 10.60%
Oilcrops 4.43% 0.73% 42.35%
Pulses 27.78% 0.52% 24.67%
Spices 17.16% 1.09% 20.98%
Starchy	  Roots 38.83% 0.41% 56.50%
Stimulants 35.25% 0.38% 41.46%
Sugar	  &	  Sweeteners 8.95% 0.02% 25.15%
Treenuts 16.98% 0.30% 20.19%
Vegetable	  Oils 1.03% 0.00% 90.73%
Vegetables 81.42% 0.50% 18.34%
Animal	  Fats 0.00% 0.00% 96.08%
Eggs 50.57% 0.49% 35.88%
Fish,	  Seafood 69.69% 0.90% 71.35%
Meat 63.14% 0.46% 5.30%
Milk	  -­‐ Excluding	  Butter 44.20% 0.46% 44.38%
Offals 31.26% 3.48% 110.86%
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3.3  Analysis 
3.3.1  China 
 
As can be seen in Figure 6, the per capita food supply of all but three of the vegetable food 
categories in the FAOSTAT data base (FAO, 2013) increased remarkably in the period between 
1961 and 2009 in China. The data indicates that the consumption of starchy roots almost halved 
from a peak of 120kg per person in the early 70’s, and only a small fraction of the 11 kg of pulses 
eaten in 1963 were being consumed in 2009, indicating a clear shift away from traditional 
foodstuffs.  Cereal consumption declined from its peak of 180 kg in the mid-eighties.  On the 
other hand, the consumption of vegetables rose over the same period from nearly 80 kg in 1961 
to more than 320 kg per person in 2009, representing an increase of more than 4oo%. More 
remarkable is the increase in the fruit supply, increasing from just 4.2 kg per person in 1961 to 
72.3 kg in 2009. Alcohol consumption increased also from just 1.2 kg per person in 1961 to an 
average of 33.9 kg in 2009. A tenfold increase was noted in the consumption of vegetable oil, 
stimulants and tree nuts. Spice consumption remained modest, but doubled to approximately 2 
kg per person. Sugar consumption tripled, and the consumption of sugar crops quadrupled. 
 
In the case of animal products, there were significant rises in the food supply in each and every 
category, as can be seen in Figure 7.  While the average Chinese consumed just 3.8 kg of meat 
in 1961, in 2009, the per capita consumption stood at 58.2 kg, a more than 15 fold increase.  A 
similar trend occurred in the consumption of milk and eggs, rising from 2.4 kg to 29.8 kg, and 
2.0 kg to 18.5 kg, respectively, in the same period. A remarkable increase was also noted in fish 
and seafood consumption, from 4.8 to 31 kg, and 8.6 kg of aquatic products were consumed in 
2009 compared to just 0.4kg in 1961. Offal consumption rose from 0.2 kg to 3.3 kg and the 
consumption of animal fats rose from 0.3 kg to 2.2kg over the same period. 
 
The virtual phosphorus requirement in China rose steadily from the early 1980’s along with the 
rise in the production of both vegetables and meat, as can be seen in Figure 8 and Figure 9. The 
virtual phosphorus required to produce vegetables in China is shown in Figure 8. As much as 
87.3% of the virtual phosphorus requirement for the production of plant-based food in 2009 was 
used in the production of vegetables. Fruit required more than double the virtual phosphorus 
that cereal required, at 248.4 and 561.7 kg respectively.  In Figure 9, it can be seen that most of 
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the virtual phosphorus required to produce animal-based food was used in the production of 
meat.   
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3.3.2  India 
 
The steady increase in the supply of plant-based foods over the period between 1961 and 2009, 
with the exception of pulses, is shown in Figure 6. While Indian citizens consumed an average of 
22.8 kg of pulses in 1961, there was a steady decline, with consumption almost having halved to 
12.5 kg in 2009. While cereal consumption was 5 kg per person higher in 2009 than 1961, 
consumption actually peaked at 168.9 kg in 1989 and began declining to 151.9 kg in 2009. 
Vegetable and fruit consumption in India almost doubled over the same period, reaching 68.5 
and 49.5 kg per person, respectively. The average Indian consumed twice as many starchy roots 
in 2009, at 29.6 kg per person. Spice consumption and the consumption of vegetable oils doubled 
to 2 and 8.7 kg, respectively. Consumption of oil crops rose by just 20 % to 7.1 kg. Sugar crop 
consumption was 68.6 kg per person, representing a rise of about 80 %, and sugar consumption 
increased by just 20 % to 21.6 %. Simulant consumption doubled, but remained low at 0.7 %. 
Likewise, alcohol consumption in India in 2009 was a low 1.3 kg per person, but this was triple 
the 1961 figure.  
The supply of animal-based foods in India increased for all the product categories, as can be seen 
in Figure 7. As can be clearly seen in the figure, with the exception of milk, Indians consume 
only small amounts of foods in the animal product category. While meat consumption increased 
by just than less than 20 % from 1961 to 2009 to 4.4 kg per person, the rise in egg and milk 
consumption was quite remarkable. The average Indian consumption of milk in 2009, nearly 
double of 1961, and egg consumption increased by a factor of eight over the same period.  
The virtual phosphorus required for the food supply per capita in India from 1961 to 2009 is 
shown in Figure 8 and Figure 9. The rise in phosphorus demand grew, most notably in three 
sectors: in the growing of vegetables, and the production of meat and of milk. With regard to 
meat, Indian consumption increased gradually over time, but at just 4 kg per person, this 
represented less than 1 % of the average Indian diet. Even so, the virtual phosphorus 
requirement of animal-based foods was equivalent to 38.4 % of the total required for the food 




3.3.3  Japan 
 
The supply of plant-based foods in Japan, shown in Figure 6, gradually fell from the mid 1990s. 
For some food categories, consumption rose from 1961, peaked in the 1970s and then fell 
steadily to their 2009 values. The consumption of vegetables and fruits followed such a pattern, 
increasing from 97.4 and 29.7 kg per person in 1961 to a peak of 131.4 and 63.5 kg in 1972, 
thereafter falling gradually to its 2009 level of 101.6 kg and 52.7 kg per person, respectively. A 
gradual decline was seen in the consumption of cereals, with the 114.7 kg consumed in 2009 
representing just 70 % of that consumed in 1961. With regard to alcohol, consumption fluctuated 
considerably: it was 29.6 kg per person in 1961, and peaked at 76.3 kg per person in 1994, before 
it started to fall off until it reached its 2009 level of 42.4 kg. A huge decline in the amount of 
pulses and starchy roots was marked over the period: pulse and starch consumption fell by 
almost 60 % to 1.7 31.9 kg, respectively. Sugar crop consumption fell by about 20 % from 1961 to 
2009, with 101.kg consumed per person in 2009, while a 50 % rise was marked in the 
consumption of sugar over the same period. Vegetable oil consumption rose dramatically from 
3.8 kg per person to 15.2 kg per person, representing a 400 % increase. The rise in stimulant 
consumption was gradual throughout the whole period, with 5.8 kg of stimulant consumed in 
2009 compared to the 1.2 kg consumed in 1961.  
With regard to the supply of animal-based products, however, there were overall significant 
rises in each category in the FAOSTAT database, as can be seen in Figure 7. As was the case 
with some categories of plant-based food, the values sometimes peaked before beginning to 
decline to their 2009 values, which were on average approximately double the 1961 values. This 
was the case with fish and seafood: in 1961, each person consumed 49.6 kg of seafood on average, 
with an unsteady rise noted until the highest value of 72.6 kg of fish and seafood was reached in 
1988, and then the value declined to 56.6 in 2009, and a similar trend was noted for milk. In the 
case of meat, however, the growth in consumption was steady with the 45.9 kg consumed in 
2009 representing an almost sevenfold increase over 1961 consumption patterns.  
The virtual P requirement to produce the plant-based food consumed in Japan peaked and 
began to decline, as can be seen in Figure 8. After peaking in the early 1970s, the virtual P 
requirement fell almost linearly. The vast majority of the virtual P required was used in the 
production of vegetables. The average Japanese consumed 405.6 kg of plant-based foods in 2009, 
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101.6 kg of which were vegetables. While this represents just 25 % of the volume by weight, it 
represents 74.7 % of the total virtual phosphorus required to produce plant-based foods in 2009.  
The virtual phosphorus required to provide meat-based foods is indicated in Figure 9. It is clear 
that the vast majority of virtual P used to produce animal-based foods was allocated to the 
production of meat. While meat represented just 32 % of the 201.6 kg of animal-based foods 
consumed by the average person in Japan in 2009, and contained 132.73 g of phosphorus, it 
required 2504.89 g of virtual phosphorus, which was approximately 75 % of the virtual P 
required to produce all of the food from animals consumed that year. While there was a clear 
decline in the amount of food consumed by Japan in the years leading up to 2009, the amount of 
virtual P required diminished only slightly. This can be attributed to the increasing demand for 













































































































































































Figure 8	 Virtual Phosphorus related with food supply per capita (Plant-based 
food) [Unit: g-P] 
 
 





































































































































































3.4  Discussion 
 
3.4.1  Food Consumption from 1961 to 2009 
 
Marked differences can be seen in the food consumption patterns of Asia’s three giants: China, 
India and Japan. China’s growing economy has been marked by a remarkable increase in the 
per capita consumption of food in general, and in meat in particular. The growing economy in 
India, which remains a largely vegetarian society, has seen a steady increase in per capita 
consumption, whereas the stagnant economy in Japan has seen overall food consumption fall off 
since 1990. The virtual phosphorus requirements of these countries reflected these same trends, 
with the growing demand for meat product in China resulting in an extremely dramatic increase 
in virtual P between 1980 and 2009. While the virtual phosphorus required to feed India’s 
population rose gradually with the rising economy and increased per capita consumption, low 
levels of meat consumption have resulted in a virtual P consumption in the range of 25 % that 
required by China to feed a population of comparable size, as shown in Figure 8 and Figure 9.  
During the period between 1961 and 2009, all three cultures moved steadily away from their 
respective traditional diets, embracing a more globalized western diet, a move driven by 
economic advancement and urbanization. The decline in the consumption of pulses, in 
particular, supports the assertion made by Tilman that the first step in the changing diet 
pattern is to replace foods considered inferior with foods considered superior (Tilman, Cassman 
et al. 2002). The second step according to these authors is the globalization of the diet, due to the 
urban practice of shopping in a supermarket where all kinds of choices are provided, and the 
extra income, as well as the lack of time for preparing traditional foods. It has been shown that 
urbanization is a major driving force in the changing nature of a nation’s diet (Pingali 2007, 
Msangi. S and Rosengrat. M 2011). According to the United Nations, the three countries in focus 
in this paper will continue to see major demographic changes, steadily becoming increasingly 
urban (USDA 2013). This is expected to be the case even in Japan, where the economy has been 
stagnant for the best part of 20 years. According to UN statistics, India was 17.9 % urban in 
1961, and 30.9 % urban in 2010. By 2025, India is expected to be 37.2 % urban. Urbanization in 
China has progressed at a remarkable rate: 16.2 % of the population was urban in 1960, in 2010 
it was 49.5 %, and by 2025 it is projected to be 65.4 % (USDA 2013). Though economic 
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development in Japan occurred earlier than in China and India, urbanization is continuing: in 
1960 63.3 % of the population was urban, in 2010 it was 90.5 %, and in 2025 it is predicted to be 
96.3 %. It can be assumed that the further urbanization of these three countries will result in a 
larger percentage of the population consuming a more globalized diet.  
While the difference in the 2009 per capita food supply was significant, at 433.7 kg for India, 
607.3 kg in Japan, and 822.1 kg in China, the difference in virtual phosphorus was much more 
revealing, as shown in Figure 8, Figure 9. Indians required only 2955 g of virtual phosphorus to 
feed themselves in 2009, which is very low compared to the 6400 g in Japan and the much larger 
11,800 g required in China. Clearly, culture plays a significant role in how the masses are fed. 
While the effect of urbanization and the increase in per capita income have been well- 
documented, the differences in the FAOSTAT data in India, China and Japan can be attributed 
to the relationship between culture and consumption patterns. The consumption of all meat is 
frowned upon in the Hindu religion, which is reflected in the very small amount of meat 
consumption per capita. While Indians began to consume more meat, 4.4 kg in 2009 compared to 
3.7 kg in 1961, the change was still slight compared to the radical changes in Japan and China, 
where the average person consumed nearly 40 kg and more than 50 kg in 1961, respectively, 
according to FAOSTAT data. Still, even with such a slight increase in meat consumption in 
India, the rise in virtual phosphorus required for animal protein is significant. The amount of 
virtual phosphorus required in Japan and China for the production of meat, which accounted for 
7.5 and 7.1 % of the amount of food consumed in 2009 in each respective country, was 39.1 and 
27 %. The high virtual phosphorus requirement can be explained by what may be termed the 
‘‘inefficiency’’ of producing meat: 28 kg of maize, 44 kg of corn silage and 2 kg of soy bean are 
required to produce 1 kg of meat (Subak 1999).  
It should also be noted that the virtual phosphorus required for the production of the meat 
produced over the study period differed enormously between the three countries, as shown in 
Figure 10. In Japan, the virtual phosphorus requirement for the production of bovine meat 
accounted for approximately 80 % of the total phosphorus required to produce these four types of 
meat, and this remained the case even as the requirement soared and peaked in the 1990s 
before petering out and stabilizing. In China, while the virtual phosphorus requirement also 
soared, it was large for the production of pig meat until the Chinese economy gathered speed in 
the mid 1990s. In 2006, the amount of virtual phosphorus required for pig meat and bovine meat 
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was almost the same, and the amount virtual phosphorus required for poultry meat and mutton 
and goat meat had also increased considerably. In India, while the overall virtual phosphorus 
requirements declined slightly over the entire study period, bovine meat accounted for almost 

































































































3.4.2  The Implications of the Food Consumption Projections to 2050 
 
The projections for the per capita food consumption in China, India and Japan shown in Figure 
11 are based on a linear projection of per capita food consumption trends over the last two 
decades. In China and India, with their rapidly expanding economies and rapid urbanization, it 
has been assumed that per capita consumption will continue to grow, as shown in Figure 11. On 
the other hand, we have assumed that per capita consumption pattern in Japan will remain 
largely unchanged in the future. The projected total food supply requirements for these 
countries, as shown in Figure 12, are based on the projected per capita consumption data and 
the United Nations population growth forecasts for these respective countries (UN 2015). It can 
be seen that the forecast peak and then gradual decline in China’s population will affect the 
amount of food required, and that, by 2050, India’s unabated population growth will result in a 
huge demand for food, equivalent to almost double that required in China by 2050. On the other 
hand, the rapidly aging population in Japan is expected to peak and then decline from 2025, 
resulting in a significant decline in the demand for food in Japan.  
 
The projected virtual phosphorus requirement of China, India and Japan until 1950 is shown in 
Figure 13. While India is expected to require twice the amount of food required by China in 2050, 
the per capita consumption patterns of the Chinese are expected to be such that China’s virtual 
phosphorus requirement will be triple that of India’s. That is, the preference for a low-meat diet 
in India will translate into a significantly lower virtual phosphorus demand. With the assumed 
unchanging per capita consumption patterns of the Japanese, a stagnant economy and a 
shrinking population, the virtual phosphorus demand in Japan is expected to taper off slowly, 
declining by about 20 % the 2009 requirements by 2050.  
The projected virtual phosphorus requirement of China, India and Japan until 1950 is shown in 
Figure 13. While India is expected to require twice the amount of food required by China in 2050, 
the per capita consumption patterns of the Chinese are expected to be such that China’s virtual 
phosphorus requirement will be triple that of India’s. That is, the preference for a low-meat diet 
in India will translate into a significantly lower virtual phosphorus demand. With the assumed 
unchanging per capita consumption patterns of the Japanese, a stagnant economy and a 
shrinking population, the virtual phosphorus demand in Japan is expected to taper off slowly, 
72 
 
declining by about 20 % the 2009 requirements by 2050.  
These projections indicate that the phosphorus demand to feed the future populations of China, 
India and Japan will vary enormously, and that the discrepancies between these countries will 
grow over time. It is of vital importance that governments consider ways to ensure that 
phosphorus is available for the production of food to feed their future populations, and take the 
changing food preferences of their populations into account. Unless there is a significant 
slowdown in the growing demand for meat, the virtual phosphorus demand will increase 
dramatically with increasing population. The reduction of fertilizer use is one of the technical 
options available to us which has the potential to slowdown the future virtual P demand. The 
more efficient use of phosphate fertilizer in agricultural production combined with a P recycling 
system would contribute to reducing the demand for natural resource origin phosphorus to meet 
the requirements for the future food supply. With more education and the sharing of scientific 
























































































































































































































































































3.5  Summary 
 
An analysis of food supply data from 1961 to 2009 provides an understanding of the changing 
consumption patterns of India, China and Japan over time. The virtual P concept was used 
together with food supply data to determine the virtual P required to feed the populations of 
these countries over time. By extrapolating the trends linearly, and taking the population 
projections for the coming years into account, it was possible to develop a realistic most-likely 
scenario to predict the amount of P that will be required to feed the populations of these 
countries over the coming years. It is clear from these projections that the discrepancies in the P 
demand to feed the future populations of China, India and Japan will grow over time, with 
China requiring three times as much virtual P as India by 2050, even though the amount of food 
required to feed the population in India can be expected to be double that of China. This is 
because of the significant quantities of animal based foods consumed in China compared to 
India. In Japan, the demand for P is expected to taper off with the declining population. The 
virtual P estimations suggest that the future P demand to feed the populations of China, India 
and Japan will be nonlinear.  
 
The virtual P demand for the production of crops is the most important since food sustainability 
is gauged in terms of the ability to supply sufficient plant-based food to the population.  With 
this in mind, the potential for P recovered from the steelmaking industry to contribute to this 
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4. The Potential for Phosphorus Recovery from Steelmaking Slags 
 
4.1  Overview 
 
	 Having considered the virtual P required in China, India and Japan to feed the populations of 
the future in Chapter 3, in this chapter the focus is on the potential for P-recovery from 
steelmaking slags. With these virtual-P requirements of the future in mind, the potential for the 
steelmaking industry to contribute by lessening the dependency on phosphate rock is considered, 
whether that dependency is on imported phosphate rock or that obtained domestically.  The 
risks involved in dependency on foreign sources of P are discussed in detail in Chapter 2.  In 
the case of India and Japan, embarking on risk reduction by reducing the dependency on foreign 
imports of P requires an effort to actively create a domestic P-resource.  In the case of China, 
reducing the dependency on phosphate rock means creating another domestic P-resource: one 
that does not have to be mined, and does not result in the environmental problems associated 
with the mining of rock phosphate.  
 
Since P is imported in steelmaking countries in the iron ore and coal used in steelmaking, the 
steelmaking industry has the potential to contribute to reducing the dependency on phosphate 
rock in those nations. The P in the iron ore and coal is removed in the steelmaking process, and 
is concentrated in the steelmaking slags. It follows then that a significant amount of P can be 
recovered from the slags and recycled; that is, a non-phosphate-rock supply of P can be created 
for domestic use.  By changing the business-as-usual model in the steel industry to a system 
where P-recovery and recycling are the norm, the steelmaking industry can play a vital role in 
restoring the P-nutrient cycle, as well as benefit from a reduction in its waste product, which 
equates to a reduced impact on the environment.   
 
It should be noted that the P in the steelmaking slags is an as yet untapped resource. Yet, in the 
steelmaking industries of China, India and Japan, there is potential to recover an enormous 
amount of P from the slags produced by the steelmaking process. With the technology available 
today, P can be effectively recovered from slags produced from any steelmaking process which 
includes a dephosphorization step.  While steelmakers balk at the cost of incorporating the 
technology available to do this at the given time, with improved, cost-efficient technology being 
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developed over time, it can be expected that the day will soon come when the steelmakers will 
implement P-removal technology.  As the demand for steel in China and India rises and more 
sophisticated steelworks are built, and as smaller older steelworks are replaced with bigger 
more modern steelworks, a larger number of steelworks are producing dephosphorization slag, 
and therefore the potential for recovering P for use in the chemical and fertilizer industries is 
growing.   
 
The benefits of a dephosphorization step in the steelmaking process have been well-documented. 
The mechanical properties of steel are considerably improved by the addition of this process: 
high P steels are known for their hot shortness, temper embrittlement, lower ductility and high 
corrosivity, while low P steel has excellent ductility and low corrosivity. Breakouts in continuous 
casting have also been attributed to P-contamination, indicating that low P steel does not just 
have better mechanical qualities but also makes better sense for production efficiency.  The 
global demand for high-grade low-P steel is rising to meet the demand from the car industry and 
for applications in severe environments.  
 
Added to the ability to produce high quality steels not prone to cracking and corrosion, and 
improving production efficiency, it should be emphasized that the inclusion of a 
dephosphorization step makes good business sense from the perspective of the by-products. 
Steelmakers have the option of producing P, and marketing it as a value-added product. The 
dephosphorization step produces a slag rich in P2O5, which can be separated from the slag and 
utilized by the chemical and fertilizer industries.  It has been estimated that approximately 
80% of the P contained in the steelmaking resources is removed from the steelmaking process by 
the dephosphorization step, creating a slag with high potential for P recovery (Yokoyama, 2007). 
In a number of the P-recovery techniques outlined later in this chapter, the removal of the P2O5 
phase from the dephosphorization slag comes with the added benefit of an Fe-rich residue 
suitable for recycling. Since this residue can be put back into the blast furnace without any 
further treatment, these particular P-recovery technologies offer steelmakers the opportunity to 
engage in a cost-cutting measure that has the potential to offset the cost of setting up and 
operating the P-recovery step.  
At first glance, however, the “low” P-content in steelmaking slag would rule it out as a 
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P-resource: the P-content of steelmaking slag is in the range of 1~2.2 %, whereas that of 
phosphate rock is in the range of 8~15 %.  In the case of dephosphorization slag, however, the 
P2O5 is considerably higher, in the range of 5% (Miki 2015, Matsubae-Yokoyama 2010). While 
inarguably lower than phosphate rock, this source of P has many advantages over phosphate 
rock. Perhaps the most compelling point is that, unlike many of the phosphate reserves being 
mined today, steelmaking slag does not include any naturally occurring radioactive materials 
(NORMs). While it must be acknowledged that there is no consensus on the effect of NORMs on 
the human body and that research is ongoing, the urgency of exploring new P resources without 
NORMs is certainly felt widely. It should also be noted that phosphate fertilizers made from 
phosphate rock from some regions has been reported to have significant heavy metal 
contamination. The cadmium contamination of soils in Europe has been attributed to this heavy 
metal contamination in phosphate fertilizers (Nziguheba, 2008). It should also be noted that the 
use of P from steelmaking slags would at lease significantly lesson the environmental 
contamination associated with the mountains of toxic phosphogypsum accumulated as a result 
of mining phosphate rock. 
	 The other compelling argument for the use of steelmaking slag as a P-resource is based in the 
sheer quantity of P generated by the steelmaking industry. It has been reported by Matsubae et 
al that Japan generated almost the same amount of P in the form of steelmaking slag in 2005 
(104 kt) as it imported as phosphate rock (101.4 kt) (Matsubae, Kajiyama et al. 2011). This 
implies that the effective separation of P from steelmaking slag would, theoretically at least, 
make Japan self-sufficient in P, with the many benefits that come with self-reliance, and that it 
would be both NORM-free and uncontaminated by heavy metals. At present, however, it should 
be noted that de-P slag is put to use not as a valuable P-resource, but is used instead as a road 
material and in civil engineering projects, where it is locked away and recovery is rendered all 
but impossible. In other words, as yet no significant work has been carried out to evaluate the 
recyclability of P from this slag even in Japan where a P-removal step has long been a standard 
in the steelmaking process, and produces approximately 100kg of P-rich slag for every ton of 
steel produced. As a major steel-producing nation with a standard P-removal step in the 
steelmaking process already in place, and a strong commitment to environmentally sustainable 
processes in the steel industry itself, Japan stands to serve as a valuable case-study with lessons 




In recent years, analyses of the flow of P from the perspectives of economical use and recycling 
have appeared in the literature	 (Neset, Bader et al. 2008, Matsubae-Yokoyama, Kubo et al. 
2009, Yuan, Sun et al. 2011).  The knowledge gained through these studies has provided a 
strong basis for the belief that a combination of good management strategies and better resource 
recycling may well bring about an end to the “once-through mode of societal phosphorus 
metabolism” (Liu, Villalba et al. 2008).  
 
	 In this chapter, the focus is on the potential of steelmaking slag to be used as a new P resource, 
with particular attention given to China, India and Japan. First the major flows of P as an 
accompaniment to steelmaking resources is quantifiably determined. Then the amount of P lost 
in the steelmaking slags of these three countries over the 32 year period the data covers is 
estimated.  The potential for these countries to contribute to their future P-demand (as 
estimated in Chapter 3) by recovering and recycling the P in steelmaking slag is considered. 
This contribution would serve to lessen the risks of dependency discussed in Chapter 2.  Also, 
the strengths and the weaknesses of the recent technologies introduced in the literature with 
regard to the recovery of P from steelmaking slag are briefly explained and compared with 
regard to their costs, efficiency, environmental impact and feasibility.  In the discussion that 
















4.2  Analysis of Actual Phosphorus Flows Related with Iron Resources in China, 
India and Japan 
 
4.2.1  Data and Method 
 
The material flow of phosphorus for each commodity and country was estimated. A total of 231 
countries are set in BACI (Base pour l'Analyse du Commerce International) and 286 
commodities were extracted from the HS code. All data used in this study are from 2005. The 
five commodities in focus in this study are limestone, powdered and bulk iron ore, coal and coke. 
The 2005 BACI estimates indicate that a total of 5000 kt of phosphate rock was traded, 222.5 kt 
of yellow phosphorus was traded, 3100 kt of phosphorus in chemical product was traded, and 
another 6200 kt of P was traded in agricultural fertilizer.  
 
4.2.2  International P-flows Accompanied with Resources for Making Steel 
 
The 2005 FAOSTAT data were analyzed to ascertain the top fifteen flows of iron ore for 
steelmaking purposes. These fifteen flows account for a total of 338,045 kt of P, assuming the 
P-content of the iron ore, coal and coke and limestone traded are as listed in Table 3.  The trade 
of both powdered and bulk iron ore was taken into consideration, as shown in Figure 14, 
bringing the number of P-containing resources traded for the steel making industry to five. 
Australian exports accounted for half of all the P traded in these resources in the top 15 
transactions, and when combined with the Brazilian resources traded, they accounted for 77.15 
of all the amount of P traded by the top 15 traders. The importance of China, India and Japan in 
terms of the sheer quantity of the P traded in steel resources is clear simply by the huge 
quantities traded compared to other countries. 
 
As shown in Figure 14, the three largest quantities of P traded in these five commodities are as 
follows: 72,145 kt was exported from Australia to Japan, 70,984 kt was exported from Australia 
to China, and 42,801 kt was exported from India to China. Another 35,390 kt was imported by 
China from Brazil, which also exported significant amounts of P in resources for steelmaking to 
Europe: among the top fifteen flows were four transactions totaling 34,345 kt to Germany, 
France, Italy and Belgium. Brazil’s exports to Japan and South Korea accounted for 17,407 kt 
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and 8,199 of P in steelmaking resources.  Also included among the top fifteen flows were 
Australian exports to South Korea (22,469kt), and to Taiwan (10,602 kt), and South African 
exports to China (11,308kt). Canada exported 5,586 kt of P in steelmaking resources to the 
United States, and the United States provided Canada with 8,504 kt. The remaining three 
transactions of P in steelmaking resources in the top 15 are the 4,550 kt exported from Canada 
to Germany, the 4,921kt exported from Kazakhstan to Russia and the 6,241 kt exported from 
India to Japan. 
 
The breakdown of the amount of P traded in these five resources is estimated considering the 
amounts of P traded in the iron ore, coal and limestone traded in 2005. 
 
4.2.2.1  Iron Ore 
 
The international P flow accompanying the trade of iron ore is shown in Table 3.  Of the 
286,956 kt of phosphorus traded in 2005 in steelmaking resources in the largest 10 transactions, 
271,243 kt was contained in the top ten transactions of iron ore.  That is, almost 95% of the P 
traded in these transactions can be attributed to the trade of bulk and powdered iron ore, with 
exports from Australia and Brazil accounting for 49.2% and 30.8% of that trade, respectively. 
China and Japan account for 58.7% and 24.3% of the imports of P in steel making resources of 
the total of the top 10 transactions, which is equivalent to over 80%. Of all the P traded in the 
top ten transactions of iron ore. The largest three quantities of P traded in iron ore were the 
69,634 kt imported by China from Australia, the 48,372 kt imported by Japan from Australia, 
and the 42,801 kt imported by China from India. 
 
 
4.2.2.2  Coal and Coke 
 
As can be seen in Table 3, 67,447 kt of P was traded in the top 10 flows of coal and coke in 2005. 
As was the case with iron ore, Australia was responsible for more than half of this amount, with 
40,279 kt or 60% of this quantity.  Japan, South Korea and Taiwan, were the largest importers 
of Australian coal and coke, accounting for 23,775kt, 7,001 kt and 5,105 kt of P, respectively.  
China was the second largest exporter of P in coal and coke, with 13,510 kt of P contained in the 
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exports to Japan (5,359 kt), South Korea (4,316 kt) and Taiwan (3,835 kt).  Exports from 
Indonesia and Colombia also were among the largest amounts of P traded in coal and coke: 
Indonesia provided Japan with 5,727 kt of P in coal and coke, India with 4,400 kt and Taiwan 
with 3,539 kt, while the Colombian exports to the United States included 4,392 kt of P.  Japan 
imported a total of 34,859 kt of P in its three largest imports of coal and coke in 2005, and India 
imported 7,037 kt in its two largest imports.  China, on the other hand, was an exporter of coal 
and coke rather than an importer.  
 
4.2.2.3  Limestone 
 
A total of 1,672 kt of P was included in the top 10 flows of limestone in 2005. The largest three 
transactions of P in limestone exports were the 333 kt Canada exported to the United States, 
the 221 kt Japan exported to Taiwan, and the 189 kt Sweden exported to Finland. Japan also 
exported 102 kt of P to South Korea in the limestone traded that year.  India imported 120kt of 
P in its two biggest limestone imports: 69 kt from the UAE and 51 kt from Thailand. The 
Philippines, Kazakhstan, Kyrgyz, the Bahamas and Poland all exported more than 100 kt of P 
























HS	  code Commodities P	  content
252100 Limestone	  materials	  for	  the manufacture	  of	  lime	  or	  cement 0.012%
260111 Iron	  ore,	  concentrate,	  not	  iron	  pyrites,	  unagglomerated 0.06%
260112 Iron	  ore,	  concentrate,	  not	  iron	  pyrites,	  agglomerated 0.06%
260120 Roasted	  iron	  pyrites 0.060%
270111 Anthracite,	  not	  agglomerated 0.026%
270112 Bituminous	  coal,	  not	  agglomerated 0.026%
270119 Coal	  except	  anthracite	  or	  bituminous,	  not	  agglomerated 0.026%
270120 Coal	  briquettes,	  ovoids,	  similar	  made	  solid	  fuels 0.026%
270210 Lignite,	  not	  agglomerated 0.007%
270220 Lignite,	  agglomerated 0.007%
270300 Peat	  (including	  peat	  litter) 0.026%





















4.3  Trends in Steelmaking in the Three Largest Asian Economies 
 
In order to assess the potential for P-recovery from the steelmaking process over time, some 
assumptions have been made.  While it is acknowledged that the EAF steelmaking process 
plays an important role in recycling steel scrap, for the purposes of this discussion, when we 
refer to steelmaking slag, the reference is solely to the slag produced by the dephosphorization 
step of the blast oxygen furnace (BOF) process employed by Japanese steelmakers.  A 
schematic diagram of the typical BOF steelmaking process employed in China and India, and in 
much of the rest of the world can be found in Figure 15(a), and the standard process in use in the 
Japanese steel industry is schematized in Figure 15 (b). In this paper, the term steelmaking slag 
refers to the slags produced by the various decontamination slags produced by the Japanese 
steel industry, since the process adopted in Japan allows for the efficient separation and 
recycling of P from the dephosphorization slag.  In this section, the trends in the steelmaking 
industries in China, India and Japan are discussed in the light of the possibilities for P-recovery 
using the Japanese steelmaking process as a standard, and the steel output figures for 1980 to 
2012 indicated in Figure 16.  It was assumed for the purpose of consistency that the amount of 
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4.3.1  China 
 
An almost twenty fold increase can be seen over the 32 year period from 1980 to 2012 in China’s 
crude steel production, as can be seen in Figure 16. In 1980, the production of 37,121 kt of crude 
steel was accompanied by the production of 3,968 kt of converter slag, assuming that all the 
steel was produced using the BOF process at that time. The amount of P contained in the crude 
steel is indicated in Figure 17. In 2012, of the 716,542 kt of crude steel produced, it is estimated 
that 10% was produced by the EAF process, which does not produce P-rich slag, and 90% was 
produced by the BOF process, which would mean P could be recovered from a total of 96,598 kt 
of converter slag. Assuming that the P content in the steelmaking slag is 0.76% of the total 
converter slag, it follows that 582 kt of P was produced by the Chinese steelmaking industry in 
2012 compared to just 30 kt in 1980. Even if we assume that 10% of all steel produced in the 
period between 1980 and 2012 was produced by the EAF process, we can calculate that a total of 
5,512 kt of P was generated by the Chinese steelmaking industry.  
 
As China’s infrastructure develops, it can be expected that the percentage of total steel 
production by the EAF process will gradually increase since this process depends on the 
availability of steel scrap. Given that the EAF process contributes 23% of the crude steel 
produced in Japan, where the infrastructure is highly developed, and it is predicted that 
steelmaking in China in the coming years will not exceed this proportion.  As such, it can be 
assumed that large quantities of steel steelmaking slag will be generated in the years to come 
even with increases in EAF production, with the potential for large quantities of P to be removed 
and utilized in the Chinese domestic economy. 
 
4.3.2  India 
In the 32 year period from 1980 to 2012, crude steel production in India increased by a factor of 
eight, as can be seen in Figure 16. Along with the 9,514 kt of crude steel produced by India in 
1980 was 1,130 kt of converter slag. The amount of phosphorus produced in the converter slag is 
represented in Fig. 3. The 77,561 kt of crude steel produced in 2012 generated 9,213 kt of 
converter slag. Considering that no steel is produced in India using the EAF process, and 
assuming that 0.76% of the converter slag is P, the amount of P generated by the steelmaking 
industry increased from 9 kt in 1980 to 70 kt in 2012, with a total of 868 kt of P produced over 
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this period. It can be expected that, like Japan and China, India will introduce the EAF 
steelmaking process in the future when it has sufficient scrap to justify doing so. Nevertheless, 
it is also expected that the vast majority of steel produced in India will be produced by the BOF 
steelmaking process, and that this will be accompanied by the generation of large quantities of 
slag. Assuming that a dephosphorization step is included in the processes used to produce this 
steel, the potential for India to recover huge quantities of P from this slag is an opportunity for 
India to reduce its dependency on P-ore imports.  
 
4.3.3  Japan 
As can be seen in Figure 16, steel production in Japan remained relatively constant in the 
period between 1982 and 2012. The EAF process in Japan has had approximately 23% of the 
market share in Japan for over 30 years.  If the 111,395 kt of crude steel produced in 1980 is 
adjusted to reflect this, it can be estimated that 10,188 kt of converter slag was produced in1980 
in Japan. In 2012, 107,232 kt of crude steel was produced, of which 82,569 kt was produced by 
the BOF. A total of 9,807 kt of converter slag was produced that year. Though steel production 
almost ground to a halt in 1981, in all the other years in the study period, steel production only 
fluctuated between approximately 11,000 kt and 14,000 kt on an annual basis. Assuming that 
77% of all the steel produced in Japan throughout the 32 year period from 1980 to 2012 was 
produced by the BOF process, and that the P-content in the converter slag was 0.76%, it can be 
calculated that an average of 74 kt of P was generated annually by the Japanese steel industry 
over the period between 1980 and 2012. This is equivalent to a total production of 2,368 kt of P. 
It should be noted that it is possible that EAF produced steel could foreseeably be a larger 
portion of the total Japanese steel production if demand for Japanese BOF steel goes down, 
which would result in less BOF crude steel and less phosphorus to be recovered. However, the 
amount of scrap available In Japan will ultimately limit the growth of the EAF sector.  
Regardless of what happens, however, the BOF furnaces in Japan are expected to continue 
making large quantities of P-rich slag in the future.	 As shown in Figure 16, while Japan was 
producing almost three times as much steel as China in 1980, China now produces 
approximately seven times as much steel as Japan, and the current growth in Indian production 
figures suggests India will overtake Japan and become the world’s second largest steelmaker 
















































































4.4  P-content in Slag Depends on Mining Site and Ore Type 
 
Assuming that there is a dephosphorization step in place in a BOF steelmaking process, the 
potential for recovering P from the steelmaking process depends on the P content in the iron ore, 
coke and limestone used in crude steel production. The most significant indicator among these is 
the P-content in iron ore, which varies considerably depending on the source of the ore itself, 
and the type of ore. If it is assumed that the average P-content of the iron ore used in China, 
India and Japan was 0.076%, it is possible to estimate the amount of P generated by the 
steelmaking industries of China, India and Japan, as shown in Figure 17. The trends reflected 
in this figure indicate clearly that the amount of P generated by the steel industry in China and 
India can be expected to rise along with the increase in steel production in the coming years, 
while the generation of P in Japan has plateaued along with steel production.   
 
 A detailed assessment of the P-content of the ores used in the steel industries of China, India 
and Japan is provided in Figure 18.  The variation in P-content from ore to ore is significant. 
Australian iron ore has the highest P-content, at an average of 0.057%, with the P-content 
varying from 0.040 – 0.084% depending on the mining site. The average P-content of South 
American ore is significantly lower than that of Australian ore, at 0.037%, though Venezuelan 
ore is considerably higher, at 0.068%, and Chilean ore has a low 0.035%.  The P-content of 
Brazilian ore ranges between 0.027% and 0.062%, averaging 0.038%. Indian ore has a low 
P-content of 0.037%, and that of South African ore is in the range of 0.055%.  It is obvious that 
the potential for P-recovery at any steelmaking facility will depend on the origin of the ore used 
in the BOF.  
 
It should be noted that the P-content of iron ore from any mining site, whether powder ore or 
lump ore, tends to increase over time as the high grade ore becomes exhausted. That is, while 
Indian ore is estimated to have a P-content of 0.037%, it is important to understand that this is 
not a fixed percentage that can be expected to remain the same over time. With the huge 
demand for steel in India’s burgeoning economy, high grade ore will gradually become depleted, 
and lower grade ore with a higher P-content will be mined for use in the local steel industry. It 
follows then that estimations of phosphorus in converter slag made based on an assumption of 
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0.076% P-content are no doubt over-estimations, but also that estimates based on a 0.038% 



































































































































4.5  Discussions  
 
The separation of P from Fe-rich slags from the steel industry has been studied with regard to 
optimizing conditions from separation and the development of technologies which make this 
possible. Numerous studies have been performed to determine the optimal thermodynamic 
conditions to ensure the most suitable phosphorus distribution ratio in the slag for the most 
efficient dephosphorization (Cheng Yi Zhu et al., 2012, IM, Morita, Sano, 1996). The SEM image 
shown in Figure 19 indicates that this sample held at 1623K has a 5mass% P2O5. The P2O5 is 
concentrated in the calcium silicate phase, which precipitates as the slag cools.  The key is to 
find the optimal distribution ratio between this calcium phase and the liquid phase, which is 
dependent upon the original composition of the particular slag, and to optimize the size of the 
phase. This can be achieved by use of additives to enhance the distribution ration of P2O5.  
Zhou, Bao et al. 2013 were able to significantly improve the phophorus distribution in two 
different slag phases by the addition of CaF2, and (Xie, Wang et al. 2014) were able to show that 
the addition of Na2O resulted in an enhancement whereas B2O3 had the opposite effect. The use 
of these additives is problematic, however, from the perspective of wastewater treatment, and 
recyclability.  Since the residue cannot be reused after these treatments, it would have to be 
treated and discarded at a substantial cost, and the use of fluorine, in particular, is troublesome 
since wastewater contaminated with fluorine is a human health hazard. Treatment would be 
necessary and costly for the wastewater as well. Also, the use of additives is akin to a 
pretreatment step since an additional process to separate P2O5 concentrated phase and matrix 
phase is necessary for P recovery. 
 
 A number of techniques have been presented over the years for separating phosphorus from 
steelmaking slag and many of the techniques involve the crushing of cooled slag. In order to be 
considered a feasible methodology for implementation in the steelmaking industry, the 
separation technique would be one with high treatment efficiency, which requires minimal 
energy, generates minimal wastewater or sludge and has a residue which is highly recyclable.  
Besides these considerations, the ideal separation process would also require minimal 
additional costly infrastructure. The strengths and weaknesses of the four types of separation 
techniques which have been put forward to date are assessed according to these criteria in Table 
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4.  The methods investigated to date can be classified into four methods; mechanical separation, 
pyro-separation, hydro-separation methods, and bioleaching. 
 
4.5.1  The Potential for P in Slag to Contribute to the Virtual P Requirement 
 
In Chapter 3, the virtual P requirements of China, India and Japan were determined, and in 
this chapter, the amount of P lost in steelmaking slag was determined. It is possible to consider 
the lost slag in 2012 against the extrapolated data for the virtual P requirements of the future 
for these Asian economies.  
 
As can be seen in Figure 17, the approximately 100 kt of P in slag lost in 2012 in Japan is 
sufficient to have provided Japan with all of the P required for the non-animal feed and food 
produced that year. Since Japan’s demand for food and feed is not expected to increase, but 
rather will decrease with the aging and shrinkage of the population, and the output of the steel 
industry is expected to remain stable, the recovery and recycling of P from the steel making slag 
has the potential to provide Japan with all the P it requires for non animal-based food and feed 
for the long term.  This would all but eliminate the risk that accompanies reliance on foreign 
imports of P. 
 
In the case of India, where, like Japan, approximately 100kt of P was lost in slag in 2012, not all 
of the P-requirement for plant-based food and feed production, but close to 10% of the virtual 
P-requirement for these products can be met.  This is by no means insignificant in a country 
where the consumption of animal produce is comparatively low and which relies exclusively on 
the imports of P for its food production.  While the virtual P requirement for plant-based food 
and feed products is expected to rise steadily in India, the steel output is also expected to rise, 
suggesting that the steelmaking industry in India has very high potential to significantly reduce 
its reliance on P-imports and thus improve food security in India. 
 
In China, approximately 800 kt on P was lost in slag in 2012, which equates to roughly half if its 
projected P requirement for the production of plant-based food and feedstock that year.  This is 
significant, especially considering that China’s demand for plant-based food is not expected to 
rise, whereas its demand for steel is expected to rise considerably in the foreseeable future. By 
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recovering and recycling the P in the slags produced by the Chinese steelmaking industry, 
China could provide enough P to meet the domestic demand. 
 
One of the limits of this discussion is the reality that a significant proportion of the food supply 
in all three countries is in the form of imports.  This is especially the case with regard to the 
animal based food consumed. This thesis does not attempt to identify where the virtual P 
requirements will be felt in providing food for the populations of these nations, but this is an 
interesting extension of the study reported here for future consideration. That is, the 
contribution to the virtual–P demand made by the consumption of beef, for example, would be 
felt not in the country where the animal was consumed, but in the country which provided the 
grain or feed for that animal.  It is clear, however, that the majority of the demand for 
plant-based food in these nations is met by local supply, and that the majority of the demand for 
animal based foods in each country is met by imports.  
 
Assuming this is indeed the case, in the event that China adopts P recovery technologies and 
recycles the P in the steelmaking slags, it is possible that China could meet its domestic demand 
for P without relying on domestic phosphate reserves, and could even be in a position to export 
fertilizer produced from the P recovered from the steelmaking industry. At present, there is 
concern that the day will come when China will decide to no longer export phosphate rock in the 
belief that it should be kept for domestic purposes.  However, if China embarks on the task of 
recovering and recycling the P in the steelmaking slags produced in China, the risk that China 
would halt its export of phosphate rock to countries which depend on Chinese imports to meet 
their own P-requirements would be significantly reduced.  This would benefit the countries 
which import phosphate rock from China, but the advantages of this approach for China are also 
clear. It is important to remember that even though China has large phosphate rock reserves, 
depletion over time is inevitable, and the propitious use of untapped phosphorus supplies is 
therefore important for China as well, especially considering the huge increase in demand for P 
expected along with the increasing demand for food to feed China’s growing population. That is, 
the recovery and recycling of the P in the steelmaking slags of China’s steelmaking industry will 





4.5.2  Technology for Phosphorus Recovery 
 
Numerous studies have been performed to determine the optimal thermodynamic conditions to 
ensure the most suitable P distribution ratio in the Fe-rich slag for P-separation (Jeoungkiu 
1996, Zhu 2012). The SEM image shown in Figure 19 indicates that this sample held at 1623K 
has 5mass% P2O5. The P2O5 is concentrated in the calcium silicate phase, which precipitates as 
the slag cools.  The key is to find the optimal distribution ratio between this calcium phase and 
the liquid phase, which is dependent upon the original composition of the particular slag, and to 
optimize the size of the phase. This can be enhanced by use of additives to enhance the 
distribution ration of P2O5.  Zhou, Bao et al. 2013 were able to significantly improve the 
P-distribution in two different slag phases by the addition of CaF2, and (Xie, Wang et al. 2014) 
were able to show that the addition of Na2O resulted in an enhancement whereas B2O3 had the 
opposite effect. The use of these additives is problematic, however, from the perspective of 
wastewater treatment, and recyclability.  Since the residue cannot be reused after these 
treatments, it would have to be treated and discarded at a substantial cost, and the use of 
fluorine, in particular, is troublesome since wastewater contaminated with fluorine is a human 
health hazard. Treatment would be necessary and costly for the wastewater as well. Also, the 
use of additives is akin to a pretreatment step since an additional process to separate P2O5 
concentrated phase and matrix phase is necessary for P recovery. 
 
In this section, an assessment is made of the various technologies which have appeared in the 
recent literature with the potential for adoption by the steelmaking industry for the separation 
of steelmaking slags. They are each assessed on the basis of a number of different criteria. It is 
these criteria which will be taken into consideration by the steelmakers as they evaluate the 
suitability of the methods and ultimately decide whether or not to adopt them. It should be 
stressed that, as yet, none of these technologies has been adopted, and many of the trials and 
experiments yielding the results reported in the literature have been limited to the lab-scale.   
 
 These methods are assessed in Table 4 with regard the most important considerations which 
would render them acceptable or unacceptable from a number of perspectives. In order to be 
considered a feasible methodology for implementation in the steelmaking industry, the 
separation technique would be one that ideally requires minimal energy, generates minimal 
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wastewater and sludge and has a residue which is highly recyclable, and has high treatment 
efficiency.  Besides these considerations, the ideal separation process would also require 
minimal additional costly infrastructure. While there is a distinct lack of data regarding the 
strengths and weaknesses of the four types of separation techniques put forward to date, they 
can be assessed qualitatively as shown in Table 4.  In Table 4, if the technique is considered 
particularly good with regard to a certain criteria, it is awarded a double plus, and if it is 
acceptable, it is awarded a single plus.  Likewise, if it is particularly undesirable with regard to 
a particular criterion, it is awarded a double minus, and if it is not very good, it is given a single 
minus. It should be noted that there are other important considerations, such as the possibility 
to recycle other elements in the residue, and the production a high quality secondary P resource.  
  
While Table 4 serves only as a guide, it should be kept in mind that the steelmaking industry in 
Japan is committed to lowering CO2 emissions, and therefore is highly unlikely to adopt 
technology unless it was deemed energy efficient. Likewise, since the global steel industry 
pledged to become waste free in 2008 (WSA 2008), any technology which would involve the 
generation of further waste would render it unacceptable. Procedures that involve the 
generation of toxic waste would very likely be rejected outright. From these perspectives, the 
mechanical separation technologies, and the Ferro-Phosphor technique compare well to the 
other technologies presented in the literature.  However, as can be seen from Table 4, none of 
the methods have been awarded a double plus in each category, suggesting that there is room 
for technological improvement. 
 
The methods investigated for use with Fe-rich slags to date can be classified into four methods; 
mechanical separation, pyro-separation, hydro-separation methods, and bioleaching. 
 
4.5.3  Mechanical Separation 
 
The use of magnetization to separate P from steelmaking slag has been reported by Yokoyama 
and Kubo in 2007 (Yokoyama, Kubo et al. 2007) and Daio in 2012 (Diao, Xie et al. 2012). Kubo 
and his colleagues reported on a technique designed to exploit the fact that a typical 
dephosphorization slag with approximately 5% P in total consists of a P-rich phase 
(3CaO•P2O5-2CaO•SiO2) and an Fe-rich phase (an FeO-CaO-SiO2 matrix with less P2O5). The 
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possibility of separating these two phases from pulverized slag using a strong magnetic field 
was investigated. They were able to demonstrate the feasibility of the method and found that 
the two phases can be efficiently separated under a magnetic field of 0.5 to 2.5 Tesla. Table 4 
indicates the strengths and weaknesses of this technology. A major advantage is that the P-rich 
phase can be recycled as a P-resource, and the Fe-rich phase can be recharged into the blast 
furnace as a substitute for iron ore sinter.  Another strength of the magnetic separation 
technique is that it generates no sludge or wastewater; however, this technique requires 
considerable energy as well as the establishment of infrastructure, and the treatment efficiency 
is not as high as pyro-separation techniques. An added advantage of this technique is the 
possibility of recycling the manganese in the non-magnetic phase. 
 
Miki and his colleagues (Miki, 2015) reported a new method of P-separation technology which 
involves separating the 2CaO･SiO2 solid phase from the liquid phase of steelmaking slag. To 
improve the efficiency of the separation of the solid 2CaO･SiO2 phase and FetO rich liquid phase 
in steelmaking, capillary action was used to facilitate penetration into sintered CaO. Once the 
liquid phase had penetrated the CaO sinter, it was found that that the solid 2CaO･SiO2 phase 
and FetO rich phase could be effectively separated. When a sintered CaO sphere was added to a 
mixture of the solid 2CaO･SiO2 phase and FetO rich liquid phase, it was possible to recover 87% 
of the P2O5 and 90% of the FetO from steelmaking slag. The recovered CaO residue, which 
includes a FetO rich liquid phase, may be used as an Fe-source or a dephosphorization agent, 
and the 2CaO･SiO2 phase, which includes P2O5, may be used as a P-resource. As shown in 
Figure 15, no water or sludge waste is generated by this technique, and no costly infrastructure 
is required.  Table 4 includes further assessments of this technique: one advantage is that it 
does not require a significant amount of energy. Despite requiring less energy than the magnetic 
separation technique, it is conceivable that steelmakers would reject this technology on the 
basis that further energy input is required.  This explains why it was awarded a single plus in 
Table 4.  
 
4.2.2 Pyro Separation 
 
 Among the various techniques suggested for the separation of P from steel-making 
slags, pyrometallurgical separation is perhaps the most traditional methodology. Phosphorus in 
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the slag generally exists in the form of calcium phosphate. In fundamental research, Nagata 
determined that vaporized yellow phosphorus could be obtained by baking the mixture of 
calcium phosphate in sewage, coke and silica at high temperature.  In other work, Shiomi et al. 
demonstrated that P could be recovered from BOF slag by the addition of tin and the use of 
graphite powder as a reductant (Shiomi 1977, Shiomi 1979). It was reported that 78% of the P 
was obtained from tin-added slag, 96.8% of which was recovered in vapor form (Shiomi 1979). 
 
In a recent paper, (Yamamoto and Urata 2014) have reported on the production of a 
P-containing iron source, which the authors referred to as “artificial phosphate ore” and is 
referred to as “ferro phosphor” in Table 4.  In this technique, P-enriched molten iron is 
discharged from the furnace. The ease with which this so-called “artificial phosphate ore” can be 
crushed to allow for the recovery of the phosphorus phase has been attributed to carbon 
saturation in the discharge. It was reported that the P concentration of the obtained 
P-containing iron is approximately 5 mass%, and the C concentration of the molten iron was 
reduced to less than or equal to 3 mass%. As shown in Table 4, while the treatment efficiency of 
this process is very high, further treatment processes will be required due to the generation of 
sludge waste and wastewater. 
 
	 Another technique for P-separation reported by Kim and Lee makes use of microwave 
irradiation to rapidly heat a slag-graphite mixture to recover Fe and P (Kim and Lee 2011). The 
high efficiency and high potential for residue recycling, along with the non-production of water 
or sludge waste is indicated in Table 4 are clear advantages of the microwave technique.  The 
double minus marks in Table 4 for the energy load and the high infrastructure cost, however, 
are significant drawbacks of this technique, which may render it well-suited only to relatively 
small operations. 
 
4.5.4  Hydro Separation 
 
While the use of acid leaching has been well-documented as a technique for the relatively easy 
removal of P in slag, this technique also results in the elution of a large amount of Fe with P.  
Sugiyama investigated the removal of iron species to enrich the purity of phosphate in the eluted 
solution by using calcium hydroxyapatite (Ca10(PO4)6(OH)2, CaHAp) (Sugiyama 2014).  This 
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technique is associated with two major drawbacks: the generation of sludge and wastewater, 
which would require further treatment, and also the poor recyclability of the residue.  
Another hydro separation technique was recently put forward by Kajiwara(Kajiwara, 2013). 
Their alkali metal carbonate method involves the extraction of the P component from the 
calcium phosphate component in the slag. They focused on the following reaction;  
 
Ca3P2O8 + 3M2CO3 → 3CaCO3 + 2M3PO4 (M: Na, K, Li) 
 
In this reaction, the M3PO4 in the product was shown to be highly soluble in either water or 
ammonium chloride. It was demonstrated that about 97% of the P in the calcium phosphate 
starting material is recovered in the form of an ammonium phosphate-based solution after the 
dissociation of the product into the ammonium chloride.  The residue after the dissociation test 
was confirmed to consist of only non-toxic calcium carbonate. Although further treatment would 
still be required, the recovered P-solution has potential for use in the production of P product, 
such as fertilizer. 
 
4.5.5  Bioleaching 
 
A novel approach to the dephosphorization of steelmaking slag is a bio approach which requires 
no additional energy input. Pradhan et al (Pradhan, Das et al. 2004) examined the 
bio-dephosphorization of the LD slag using the frateuria aurentia bacterium to remove insoluble 
phosphorus. After 30 days of leaching under appropriate conditions, 90% of the P was shown to 
have leached from the slag in the presence of the bacteria at 20% pulp density. The results of 
their investigation suggest that the amount of carbon source is important for P solubilization by 
bacteria. As indicated in Table 4, this technique has some rather severe drawbacks: it is 
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4.6  Bottlenecks 
 
The criteria listed in Table 4 give some indication of the extra costs that the steelmaking 
industry would have to bear in the recovery of P from steelmaking slags.  The costs of 
implementing any of the various techniques outlined in the previous section would be due to the 
energy required to carry them out, the cost of the required infrastructure, the cost of additives 
for the slag, and the cost of the additional treatment of the wastewater or sludge produced by 
the technique.  In many techniques, additional time is required for to maximize the P 
concentration phase as the slag cools, and these slags often require modifications in the form of 
additives to ensure optimal P distribution (Yang, Wu et al. 2012). Besides being costly in 
large-scale operations, these modifications can result in sludge waste and wastewater that 
requires further treatment and the contamination of the residue, rendering it unsuitable for 
recycling.  The energy costs required by some of the techniques make them unsuitable for 
large-scale operations.   
 
It should be noted that the FetO matrix phase residue can be recycled in the steelmaking 
process in the case of many of these techniques, and that this is a cost-saving step for 
steelmakers. Also, it is plausible that the marketing of the separated P, as a value-added 














4.7  Advantages of Adopting P-recovery Technology and Recycling  
4.7.1  Avoiding Geopolitical Resource Risks 
 
One of the foreseeable advantages of recovering P from steelmaking slags is that it would allow 
importing nations to avoid the potential geopolitical risks associated with the acquirement of 
phosphorus resources. Although estimates of the quantities of phosphate rock available for 
exploitation vary significantly from year to year, there is little doubt that a handful of countries 
are in possession of 85 to 90% of the world’s P-ore reserves. Many countries depend solely on 
imports of phosphorus; this includes Europe as well as India and Japan.  Large quantities of P 
are imported into Asia in the form of phosphate rock, yellow phosphorus and chemicals for use 
in the fertilizer industry as well as actual phosphate fertilizers. With phosphate reserves in the 
hands of so few countries, the risk of price setting or of production shutdown due to political 
instability cannot be overlooked. Indeed, production was shut down temporarily in Tunisia as a 
result of the Arab Spring in 2008, and particularly because much of the world’s phosphate ore is 
located in MENA (Middle East North Africa) countries, the possibility of halted investments or 
further shutdowns must be taken seriously (Ryan 2015). 
                                           
It also should be noted that the United States and China are the world’s largest producers of 
and biggest consumers of phosphate rock, but are not in possession of the largest phosphate 
reserves. China’s demand for P to feed its burgeoning population with its changing dietary 
patterns has been projected to increase dramatically in the years to come, as explained in 
Chapter 3. When the domestic reserves in China and the United States become depleted, the 
competition for other available P-ore resources will inevitably intensify, with possible price 
hikes, or export taxes imposed on fertilizer products.  This has the potential to make it very 
difficult for other importers of phosphorus, whether it is in the form of P-ore or as product, to 
meet their demands.  By recovering and recycling the P from steelmaking slag, countries with 
large steelmaking industries will have the ability to either meet their national demand, or 
certainly make a significant contribution to it, and thus offset or even negate the risks 





4.7.2  Improving Resource Efficiency 
 
The fact that phosphate rock reserves represent a finite system much like that for petroleum 
should compel P consumers to consider how to produce and consume P more wisely. If the 
estimated loss of P resources from the steel industries in Japan, China and India is summed, it 
is possible that somewhere in the vicinity of 12,000 kt of phosphorus was lost in these three 
countries over the period from 1980 to 2012.  This is equivalent to approximately 12 times the 
total amount of P imported by Japan in 2005. That year, Japan imported approximately 102 kt 
of phosphorus, and in the same year it has been estimated that 106 kt of P was generated in the 
steelmaking slag in Japan, suggesting that Japan’s steelmaking industry is capable of meeting 
the domestic P-demand (Kubo, Matsubae-Yokoyama et al. 2010). Since the steel production 
figures for Japan have remained roughly the same, it can be said that Japan has wasted 
approximately the same amount of P as it imports every year since then by not separating it 
from steelmaking slag and utilizing it to best advantage. Considering that all of the steelmaking 
facilities of Japan include a dephosphorization step in the steelmaking process, it is hoped that 
steelmakers throughout the nation will soon implement separation techniques and market P as 
a value-added product, thus vastly improving the P resource efficiency of Japan.  
  
	 The situation in India and China in 2005 was somewhat different to Japan. With no 
dephosphorization steps as standard practice in the steelmaking industries in those countries, 
and with the phosphorus wasted representing only a portion of the respective nations’ 
phosphorus requirements that year, it would be relatively easy to discard the idea of separating 
the P from steelmaking slags as one that does not seem to make sense for these nations. In India, 
the steelmaking industry generated 56 kt of P in slags in 2005, representing less than 10% of 
the 727 kt of P India imported that year. In China in the same year, 400 kt of P was produced by 
the steelmaking industry, and while no data is available for the Chinese consumption of P that 
year, it can be assumed to be a small fraction. However, the growth projections of the 
steelmaking industries of both China and India indicate that both countries will be producing 
large quantities of P in its steelmaking slags.  In China, the establishment of large modern 
steelworks with sophisticated procedures and a clear contamination step is well underway, with 
many of the old style smaller steelmaking facilities being abandoned.  It is also assumed that 
the new steelmaking facilities in India have implemented a dephosphorization step which would 
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generate a P-rich slag. There is little doubt that there is enormous potential for P- recovery from 
the steelmaking slags in the future in these countries. Given the enormous increases projected 
in the P- requirements to feed the changing diets of these nations over time discussed in 
Chapter 3, it is foreseeable that the prudent use of all P-resources will become a matter of 
national security.  The separation of P from steelmaking slag can be expected to contribute 
significantly to making it possible for India and Japan to feed the masses in the future without 
the heavy burden which comes with the risk associated with complete reliance on imports to 
feed the population discussed in Chapter 2.  The benefits for China have been discussed earlier 
in this chapter. 
 
4.7.3  Reducing Waste and Waste Treatment Cost 
 
Besides reducing the geopolitical risks, and contributing to more efficient resource use, the 
adoption of P-separation techniques to remove P from slags would provide the steel industry 
with a means to reduce not only its waste treatment costs, but also to become a zero-waste 
industry in accordance with the goals established by World Steel for the global steel industry in 
2008.  The first country to embark on a successful waste-free, recovery and recycling program 
in its steel industry, which contributes to closing the essential P nutrient cycle and therefore 
reduce pollution and improve national food security, will become a model for the emerging 
economies of the future. 
 
The environmental and economic effects of the recovery of phosphorus from steelmaking slag 
was estimated by a waste input–output model developed by Yokoyama and Kubo in 2007 
(Yokoyama, Kubo et al. 2007). Their model assumed that no sludge or wastewater is generated 
by the separation technique, and that no additives would be required. As indicated in Table 4, 
there are separation technologies which fit these conditions.  It must be stressed that the 
mechanical separation techniques and the pyro separation techniques for recovering 
phosphorus from slag also result in recyclable ferric residues. As stated earlier in this chapter, 
this equates to major savings over time for the steelmaking industry due to the significant 
reduction in the amount of waste that needs to be treated, and also due to the reduction in the 




4.8 Protecting Our Soils for the Future 
 
Concern over the quality of agricultural soils has been mounting over previous years. The 
increased awareness of the need to protect soils in Europe is reflected in the ongoing debate in 
the European Parliament about the need for to establish a European Soil Framework Directive. 
Concerns about heavy metal contamination and top-soil erosion have led to a concerted effort to 
protect the health of European soils.  In Japan, ensuring soil quality has become a hot issue in 
the wake of the breach of the Fukushima nuclear reactors in 2011.    
 
The use of recovered P from steelmaking slags in fertilizers would help in ensuring good soil 
quality in the future.  Many natural deposits of phosphate rock are known to be contaminated 
with heavy metal, notably cadmium, and also for their high NORM readings (Nziguheba, 2008).  
The P recovered from steelmaking slags will provide the agricultural industry with a cleaner 
alternative, which can be guaranteed if proper regulatory bodies are established.  While there 
are international standards for fertilizers produced using recovered P from manure and 
waste-water sludge, as yet no such regulations have been established for the use of recovered P 
from steel-making slags.  The need for such regulations is clear in order to ensure public safety 
and put the minds of farmers and consumers at ease, and thus ensure a solid market for 
fertilizers produced with this type of recovered P. Either a government agency or an 
independent body will be required play a role in ensuring the quality of secondary-P products, 
and also to inform the general public about the benefits of using these products, including the 
reduced amount of heavy metals, and the reduced amount of NORMs. This is discussed in more 
detail in Chapter 5.  The increased awareness of the need to ensure optimal soil quality in the 
wake of the Fukushima nuclear disaster and the soil damage incurred as a result of the tsunami 
which swept the coast plains in Japan after the 2011 earthquake perhaps will serve as a 
stepping stone for realizing the potential of this change in P-resource management in Japan at 




4.8  Summary 
 
By analyzing the 2005 BACI data, the amount of steel produced that year in Japan, China and 
India was determined and the amount of P that was generated in the form of steel-making slag 
by considering the P-content in the iron ore was estimated. These estimations unequivocally 
indicate the potential for the P recovered from steelmaking slag to contribute to the P-demand 
in steelmaking nations. The 2012 crude steel production figures were used to estimate the 
amount of P which was included in the slags produced that year in China, India and Japan, and 
those figures were considered against the virtual P requirements estimated in Chapter 3.  This 
comparison shows that the steelmakers in Japan are capable of meeting the domestic demand 
for P to produce all the plant-based food and feed consumed in Japan. This would serve to break 
Japan’s dependency on foreign imports of P to feed its population. India, which is also totally 
reliant on foreign imports of P to meet its domestic demand, had the capacity to meet 
approximately 10% of its P-demand for plant-based food and feed in 2012 using recovered P 
from slag.  In China, a phosphate rock supplier, it was shown that in the event that China were 
to recover and recycle P from steelmaking slags for domestic use, about 50% of the demand for 
plant-based foods could be met.  If this were to eventuate, the risk that China would halt its 
exports of phosphate rock to other Asian nations would be significantly reduced. 
 
The various P-recovery technologies put forward in recent years for consideration in the hope of 
being implemented in the steelmaking industry were assessed in this chapter in the light of the 
many considerations that would deem them either suitable or unsuitable for such a purpose.  
While it is true that this assessment highlights the need for further developments in P-recovery 
technologies, the assessment also highlights the benefits to the steelmakers themselves from a 
P-separation step. Besides minimalizing waste and waste treatment costs, the generation of P 
as a value-added product is accompanied by the generation of a ferric residue which can be 
recycled back into the blast furnace, which would represent a significant cut in costs.  
 
Recovering P from steelmaking slag simply makes good resource-management sense.  Utilizing 
these untapped P reserves to ensure the better global use of this strategic resource will help 
make it possible to feed the populations of steelmaking nations over the coming decades.  In 
Chapter 5, the stakeholders in the recovery and recycling of P are presented along with their 
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concerns, and the policy implications for realizing a society with a much improved P governance 
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5. Stakeholders and Policy Implications for the Recovery and Utilization of 
Phosphorus from Steelmaking Slag 
 
5.1  Overview 
 
In order for P-separation technologies to be adopted by the steelmaking industry and P to be 
recovered from the steelmaking slags and recycled in industry, the stakeholders will all need to 
be convinced that their interests are well-served by this approach. The concerns of each of the 
stakeholders will need to be considered and addressed. The market will need to be primed and 
the steps will need to be well-coordinated in order for a successful transition from the business 
as usual approach to the new approach. Government will be required to play an active role to 
establish policies that ensure nutrient recycling from the waste stream of Industry.  As 
(Jakobsson 2002) points out in her analysis of nutrient management in agriculture in Europe, a 
multi-faceted approach to policy will be more effective than a single policy.  
 
Efforts to recover P from the sewage waste stream in Japan have provided valuable lessons with 
regard to the challenges likely to be encountered in any effort to ensure that the phosphorus in 
the steelmaking waste stream is recovered and effectively recycled.  In their analysis of the 
issues and challenges surrounding the recovery and recycling of phosphorus from this waste 
stream, Shiroyama and his colleagues determined that in some of the areas in transition in 
Japan, the motivation to recover and recycle phosphorus is an attempt to prevent eutrophication, 
but that in other areas, the motivation is simply the desire to actively engage in recycling for a 
better society (Shiroyama 2015). This analysis revealed that the mechanism for collaboration 
between the various stakeholders requires strengthening, and that the concerns of all the 
stakeholders need to be further addressed.  In the case of the P-recovery from sewage sludge, 
Shiroyama reports that the distribution volume is unstable due to seasonal variances, which 
makes it difficult to secure a steady market to dissipate the collected P, and that the lack of 
sales experience among the public servants involved in the marketing of the recovered-P is also 
a serious impediment to its successful dissipation.  
The transition to a society where P is recovered and recycled in industry will require change on 
many fronts.  This applies to all efforts to recover and recycle P, not just that in the 
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steelmaking industry.  The following is an analysis of the role and the challenges facing the 
stakeholders in the recovery and recycling of P from the steelmaking waste stream in the 
process of change.  Particular focus is given to the Japanese scenario, where the Phosphorus 
Recycling Promotion Council could play a role connecting the stakeholders and ensuring their 
concerns are met in ways not discussed in the analysis that follows.  The potential and limits of 
recycling P from the dephosphorization slags of the steelmaking industry are considered in the 
light of the analysis of the stakeholder concerns in the recycling of recovered P from the sewage 
waste published by (Shiroyama 2015).  From this discussion, a best-case scenario emerges for 




5.2  Industry 
5.2.1  The Steel Industry 
 
The concerns and interests of steelmakers in adopting steps to recover and utilize the P in the 
steelmaking slags include the suitability of the technology itself, the costs of implementing and 
running the necessary infrastructure, the cost of waste treatment, the lack of knowledge about 
fertilizer production, and the establishment of a market for recovered P. Each of these issues 
needs to be addressed in order for P recovery to become the business-as-usual scenario. 
 
Steelmakers will need to be convinced that the technology available is the most suitable 
technology for their particular circumstances, and that the costs involved in implementing that 
technology can be offset by the income generated by the sale of the recovered Ps together with 
the saving which results from the lower demand for iron ore due to the recycling of the ferric 
residue after P separation. At present, steelmakers are not convinced that these conditions will 
be met.  
 
Arguably, the “most suitable” technology for use in industry for the separation of P from 
steelmaking slag has arguably not been developed. In Chapter 4, the considerable research 
dedicated to the separation of phosphorus from dephosphorization slags is outlined, revealing 
that while the technology does indeed exist, there is still considerable room for improvement. 
While leaching produces a good quality P product, the residue is rendered unusable, and the 
acidic leachate presents a serious waste disposal problem.  The use of technologies utilizing 
microwave and centrifuge also produce a high quality P byproduct, but the technology is 
inefficient with regard to infrastructure costs and energy costs, and they not suitable for use in 
large-scale operations. Whereas the results of inexpensive adsorption techniques are promising, 
their suitability to large-scale operations remains untested.  Further developments in 
technology and larger scale testing opportunities are required before the steelmaking industry 
is likely to adopt one P-separation technique and invest the necessary funds to make the 
P-recovery from steelmaking slags a reality.  
 
In Chapter 4, the issue of cost was discussed.  In order for the steelmaking industry to 
implement the P-removal step from slags, the cost-benefit to the steelmakers would have to be 
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clear.  Financial incentives may be required from the government to encourage the steelmakers 
to embark upon this change in the business-as-usual approach.  Another possibility would be 
the introduction of legislation that would require P-removal from steelmaking slag and recycling 
as a matter of policy. 
 
As mentioned in Chapter 4, the mechanical separation techniques and the pyro separation 
techniques for recovering P from slag result in recyclable ferric residues. This equates to major 
savings over time for the steelmaking industry due to the significant reduction in the amount of 
waste that needs to be treated, and also due to the reduction in the raw ferric materials required 
for the steelmaking process when the residue is recycled.  
 
More research effort will undoubtedly yield better options for the separation of P from the 
Fe-rich dephosphorization slags of the steelmaking industry. Further advances in the 
technology can be expected to bring down the costs of P-recovery, ensuring that the marketing of 
the recovered P as value-added product will not only offset all costs but turn a profit for the 
steelmaking industry.   
 
Another significant bottleneck which involves the steelmakers is how to ensure the recovered-P 
is recycled.  One option is to market it directly to the fertilizer or chemical industry, which can 
then use it instead of phosphate rock in the manufacturing of their product.  Another option is 
for the steelmakers to produce a value-added product, a phosphate fertilizer, for the market. The 
first option would require the fertilizer industry and the chemical industry to accept the recycled 
P, which is likely to be more expensive than phosphate rock at least until the prices of 
phosphate rock rise, which they inevitably will, as explained in Chapter 2. Experienced staff and 
salespeople would be required to categorize the recovered P and ensure it finds it is utilized 
appropriately by industry. The second option would require steelmakers to either acquire the 
knowledge required to make phosphate fertilizers, or to acquire existing phosphate fertilizer 
producing companies.  Since both of these options represent a significant step in a completely 
new direction for the steelmaking industry, not to mention considerable cost, confidence in the 
existence of a strong market for the product would be vital before the industry agrees to embark 




Rather than have to embark on the production of fertilizer or the sale of recovered P directly to 
industry, a more amenable situation would be to have the option to send the recovered P to an 
established P intermediary station. In this way the recovery and recycling of P would lead to 
new industry creation and new jobs, adding vitality to local communities. While no such 
intermediary stations exist at the present time, the establishment of such collection points 
where not only the recovered P from the steelmaking industry, but also recovered P from other 
waste streams could be collected would lessen the burden on the steelmakers and other 
industries where the recovery of P is possible, and therefore make it more likely for these 
industries to engage in P recovery and recycle it in industry. The responsibility of ensuring the 
collected P was utilized appropriately in industry would lie not with the steelmakers but with 
those employed at the P intermediary stations. 
 
5.2.2  The Fertilizer Industry and Chemical Industry 
Besides the costs involved in setting up P separation from steelmaking slag, the other 
significant bottleneck which might cause steelmakers to balk at implementing P recovery 
technologies from slags is concern that the market may not be open to the concept of recovered P.  
With phosphate rock and yellow phosphorus readily available at low prices as imports, the logic 
of choosing a more expensive domestically-produced P product from the waste stream of the 
steelmaking industry would need to be explained to the consumers in the fertilizer industry and 
chemical industry. Interestingly, Shiroyama pointed out that awareness of the need to diversify 
the sources of P was actually high among those in the fertilizer and chemical industries, 
suggesting that they are in fact open to the idea of using recovered P in their products, and that 
a market for recovered P already exists (Shiroyama 2015). 
 
According to the stakeholder analysis conducted by Shiroyama et al with regard to the recovery 
and recycling of P from the sewage waste stream, the biggest concerns of the chemical and 
fertilizer industry were quality and quantity. Assurances would be required that the recovered 
P from the steelmaking slags were free of contaminants which would compromise the quality of 
products made with that P or otherwise present a health hazard. Since it is well-known that the 
presence of certain ions reduces the uptake of phosphorus in the soils, the steelmaking industry 
will need to ensure the remove of those contaminants from the recovered P (Gaxiola, Edwards et 
al. 2011).  Since farmers and the general public are concerned about the risks of heavy metal 
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contamination (Shiroyama 2015), full disclosure of all contaminants will be required in order for 
the recovered P to be accepted by the market. It follows that safeguards, in the form of 
regulations, will need to be put into place to ensure the quality of the product and to address 
consumer concerns.   
With regard to quantity, and therefore the availability of a steady flow of recovered P, 
steelmakers can ensure a steady flow since the recovery of P from slags is not dependent on 
seasons and is quite constant. Rather, because the amount of P in the iron ore imported by the 
steelmaking industry gradually increases year after year, the amount of recoverable P can be 
expected to increase over time. The availability of a steady supply of recovered P in the 
neighborhood of fertilizer or chemical industries with a use for that P would not only help to 
ensure that it is well-utilized, but also to reduce the transportation costs. If P intermediary 
stations were established in the vicinity of the steelworks, and chemical companies were to 
manufacture fertilizer and other products using that P in the same neighborhood, and those 
products were then to be consumed by farmers in the area, costs could be kept to a minimum. 
Ensuring a market for the recovered P will require the employment of salespeople who can 
market the product to the farmers, thus providing jobs in local communities. It should be noted 
that Shiroyama found that the inexperience of municipal workers was a serious problem in 
ensuring the effective dissipation of the recovered P from the sewage waste stream. 
 
It is essential that those in the fertilizer industry and chemical industry are aware of the supply 
risk associated with continuing to rely on imports of phosphate rock to meet local demand, and 
of the inevitability of higher phosphate rock commodity prices to come.  In the event that 
phosphate rock producing countries decide to only export value-added product, domestic 
phosphate fertilizer producers would not be able to secure the ore they need to manufacture 
their product.  Awareness of such risks would serve to motivate the fertilizer and chemical 
industry to seek out a stable domestic supply of P to use in the manufacturing of their product.  
While the P recovered from the sewage waste stream has the potential to contribute to the local 
demand for P, and, as was pointed out by Shiroyama the fertilizer industry is in fact keen to 
diversify its P supply, the P yield from sewage is both seasonal and unreliable (Shiroyama 2015). 
From this point of view, it is reasonable to presume that a steady supply of P from steelmaking 
slag would be welcomed by the fertilizer and chemical industries.  By establishing chemical 
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plants and fertilizer manufacturing facilities in the vicinity of the intermediary stations where 
the recovered P could be tested for quality, costs could be cut and the product could be sold 
without restriction with regard to locality. In Japan, such restrictions apply to the recycling of 
the recovered P itself. 
 
Another viable concern of the fertilizer industry would be that farmers and the general public 
would balk at purchasing both fertilizer and agricultural produce associated with the waste 
stream of the steelmaking industry.  This concern can be addressed by the establishment of 
regulations and standards, and by ensuring that a full list of contaminants is disclosed so that 
farmers are fully informed and can make decisions based on that information. In their analysis, 
Shiroyama and his colleagues included interviews with farmers who indicated, contrary to 
expectations, that they were not averse to the concept of using P recovered from steelmaking 
slag (Shiroyama 2015). They were, however, quite adamant that a full disclosure of 
contaminants must be made so that they can make informed choices with regard to the bigger 
concern of heavy metal and radiation contamination in the fertilizer product. In the case of the P 
recovered from the human waste stream in the radiation affected areas of Japan after the 
earthquake and subsequent damage to the Fukushima nuclear power plants, Shiroyama points 
out that radiation concerns prevented the recovered P from the sewage waste stream from being 
utilized by industry.  Recovered P from steelmaking slag would be NORM free, and while not 
entirely free of other contaminants, must be tested for compliance to standards and verified as 
safe for use in fertilizers.  This is one of the many responsibilities that which would fall either 
to relevant government agencies or to P intermediary stations, where the suitability of the 
recovered P for certain markets could be determined. 
 
Another finding in the assessment of stakeholders in the recovery and utilization of the 
recovered phosphorus from the sewage waste stream was that while farmers are concerned 
about reducing their costs, they are not necessarily averse to paying higher prices for fertilizer.  
Farmers cited labor costs as a more significant concern, indicating that if the application of the 
fertilizer product was not labor intensive, they would be more inclined to purchase it, even if its 
market price was higher than that of other fertilizers (Shiroyama 2015).  This may be a key 
point in acquiring a strong position in the fertilizer market for product made with recovered P 
from steelmaking slag. 
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5.3  Government and Policy-making 
 
Government has a vested interest in ensuring the nation has a domestic supply of P.  A 
disruption or shortfall in the P supply would have serious implications with regard to the 
availability and cost of locally produced food.  As such, reducing the dependency on P imports 
can only be considered as a move in the national interest. Good industry practice with regard to 
P governance can be assured by the establishment of a nutrient platform, regulations for the 
recovery of P, realistic standards for the fertilizer industry, and education campaigns designed 
to promote the use and acceptance of recovered P in the fertilizer and chemical industry and 
among farmers and the general public.  Government involvement would perhaps also extend to 
the collection, classification and dissipation of the recovered P, or to assisting in the 
establishment of P intermediary stations where this work would be done.   Subsidies and 
allowances may also be required in order to bring down the costs to the various consumers and 
make the transition from the business-as-usual model to a model where Japan is fully 
self-sufficient in P.  This would be a significant step in the realization of the desire to become a 
recycling nation. 
 
Appropriate regulations, the introduction of realistic standards and the supervision of P 
separation technologies would ensure the quality of recovered P from the steelmaking slag was 
acceptable to the chemical and fertilizer industries and ultimately to the consumers of food, the 
general public. In order to establish a market for recovered P, government needs to take an 
active role and enact such regulations, establish such suitable standards and implement 
supervisory systems. While the establishment of standards would also serve to ensure the 
quality of fertilizer product with regard to protecting the soils, ensuring crops are not 
contaminated and assuring consumers that the fertilizer product is free of dangerous 
contaminants, it is important that the regulations are not overly conservative with regard to the 
actual risk posed from low level contamination.  Regulations formulated to suit the production 
of phosphate fertilizers using phosphate ore may not be well-suited to the production of fertilizer 
from phosphorus recovered from steelmaking slag.  If the regulations are overly conservative 
with regard to contamination, they may also serve to make industry balk before going ahead 
with the manufacturing of phosphate fertilizer utilizing P recovered from steelmaking slag.  
Regulations play an important role in assuring safety standards, and while they assuring the 
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public, they need to realistically reflect the risks, and not overestimate the risks, of certain 
levels of certain contaminants. 
 
Realizing a society where P is recovered and recycled has many policy implications above and 
beyond the introduction of appropriate standards.  The introduction of a national nutrient 
policy, much like that introduced in the Netherlands in 2011 (ESPP 2015), is necessary to 
implement an industry-wide requirement for the recovery and utilization of P in the waste 
stream. The establishment of nutrient cycling practices in industry is essential in the 
establishment of good industry practice. Guidelines could be established in a national nutrient 
policy with regard to how the nation can best cater to its particular P scenario. Together with 
the allocation of subsidies to offset the costs of establishing the necessary infrastructure, the 
government can play a vital role in ensuring that the P that enters the country in the iron ore it 
imports is made available for domestic use, thus reducing, or even eliminating, dependency on 
imports of P to meet the domestic demand.  
 
While it is feasible that the steelmakers themselves and the chemical and fertilizer industries 
could ensure that the recovered P is recycled, in an ideal case scenario, new infrastructure needs 
to be put into place for the collection, classification and utilization of P from the waste stream of 
various industries in the form of a P intermediary station.  Because of the sheer volume of P 
with the potential to be recovered from the steelmaking industry, it would make sense that 
these stations were in the neighborhood of the steelmaking plants themselves. It should be 
noted that not all steelmaking facilities have large quantities of P in their waste-streams, 
however.  Wherever basic oxygen furnaces are used and a pre-treatment step is in place to 
decontaminate the iron ore, P is in abundant supply. In the case of Japan, steel-making facilities 
in northern Kanto, Aichi, Kobe and Kyushu produce steelmaking slags which contain significant 
quantities of P.  The establishment of P intermediary stations in these areas which could 
handle recovered P not only from the steelmaking industry but also from sewage waste, 
municipal waste and waste water treatment facilities would make it more likely for the related 
industries to implement P recovery technologies since the task of classifying the collected P, 
storing it, and finding a market for it would not fall to them.  
 
 As pointed out by Shiroyama, municipal governments have had to face many hardships in 
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finding a market for the phosphorus recovered from sewage waste, including the existence of 
limiting by-laws which limit their ability to sell the recovered P outside the local area.  The lack 
of trained personnel in municipal governments was also cited as a significant problem. These 
issues need to be addressed, perhaps by ensuring that the responsibility for the collection, 
classification and dissipation of the recovered P does not fall to municipal governments, so that 
the recovered P can be efficiently dealt with and dissipated to areas with a demand for it.  
 
Another role government could play would be to subsidize the cost of the fertilizer made from 
the recovered P, since the cost of recovering P would presumably make the price of the fertilizer 
higher than that produced from cheaper imported phosphate rock. This situation must be 
expected until such time as the phosphate ore prices increase and overtake the cost of P recovery 
from steelmaking slag. A significant cost that needs to be considered is the transportation cost.  
Steelmaking facilities tend to be concentrated in just a few coastal areas, not distributed evenly 
throughout the country.  By subsidizing the cost, consumers would not balk at the higher prices, 
and the market would be more likely to accept the new P product.  
 
A vital role government would ideally play in the establishment of a market for product 
produced by recovered P from the steelmaking industry is that of consumer education. A 
multi-faceted education campaign would be required to educate all of those with vested 
interests: the fertilizer industry, the chemical industry, the farmers and the general public, 
which ultimately consumes the agricultural product. The general public is completely unaware 
of the role P plays in their general well-being, about where it comes from and the risks that come 
with a dependency on foreign imports. The concept of the nutrient cycle is also quite alien to the 
majority of the general public. The public’s willingness to be educated about peak oil and fossil 
fuel depletion, as well other important environmental issues like global warning suggests that 
the public has the ability to comprehend the rather complex P story and to play a role in better P 
governance.  Public awareness, along with the involvement of both national government and 
local government and the media, would help in the establishment of a market for phosphate 
fertilizer produced with the recovered P of the steelmaking industry, as well as the agricultural 
produce grown on cropland fertilized with this fertilizer.  Creating a savvy public aware of the 
many issues surrounding P, and assuring the consumers at all levels of the product safety is 
essential in establishing a secure market for the P recovered from steelmaking slag. 
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5.4  Farmers and the General Public 
 
One would imagine that the public might balk at purchasing foodstuffs grown for market with 
the help of phosphate fertilizers made from the waste stream from the steelmaking industry.  
Unless farmers are confident that their agricultural produce will be well-accepted in the 
marketplace, it is conceivable that they will also balk at purchasing fertilizer produced by 
recovered P.  The education of farmers and the general public is therefore vital in ensuring a 
market for recovered P, and as a result, bringing about an end to the business-as-usual reality of 
relying entirely on imported P to feed the population. 
 
As mentioned in the section above, safety concerns must be addressed by ensuring consumers of 
the safety of the P recovered from the steelmaking waste stream. Explaining the regulations 
and standards will help allay these fears, as will the labeling of fertilizer products with a full 
disclosure of contaminants. Besides the fear of contamination, it is also conceivable that a 
significant percentage of consumers would argue that the P by-product from the steelmaking 
process was not “natural”, whereas that from imported phosphate rock is “natural”.  The public 
needs to be made aware that all phosphate rock is subject to chemical processing, and also of the 
existence of contaminant cadmium and the significant NORM content in “natural” Moroccan 
phosphate rock. The concept that chemical processes are used on natural materials to make 
them safe for consumption is quite alien to the average consumer in this day where the 
connotation of the word “natural” is positive, and the word “chemical” is associated with all 
things bad.  
 
The general public needs to be better informed about the importance of the urban mine, 
particularly in the Japanese scenario. Like all other industries, utilizing the waste stream in the 
steel industry helps to ensure the long-term success of industry and brings many benefits to 
society. In the case of the steelmaking slag, P-recovery has the clear potential to make Japan 
self-sufficient in P, thus ensuring a domestic supply of a nutrient absolutely vital to agriculture 
and therefore to feeding the nation.  A greater awareness of the benefits of reducing, or 
eliminating, the risks associated with relying on foreign imports of P would help to ensure 




Efforts to increase awareness in the general public about the importance of putting an end to 
the business-as-usual system of pulling a vital resource out of the ground, using it and then 
dumping the waste into the ocean needs to be explained in the context of closing the P-loop as a 
matter of national security. Because the public has been educated about the issue of resource 
depletion with regard to fossil fuels, the average citizen is in a good position to understand the 
risks associated with depending on P imports for agriculture. The government could embark on 
an education campaign aimed to increase public awareness of the issue, and of how using 
domestic supplies of P in the industrial waste stream will improve food sovereignty, which 
appeals both to common sense and the national good, will help ensure market acceptance of 
recovered P from steelmaking slag. 
 
At present, the recycling of dephosphorization steelmaking slags in the concrete used in 
structures and in the building of roads and other infrastructure is considered acceptable and 
even desirable in Japan. One wonders whether a well-informed public would continue to support 
this practice upon learning about the risks associated with being dependent on phosphate rock 
suppliers in just a handful of countries. A well-educated public, aware of the irreplaceability of P 
in the generation of all life, would not likely consider it wise to lock P into concrete or in road 
















5.5  Best Case Scenario 
 
In order to bring about change in the P supply in any steelmaking nation and incorporate the P 
included in the steelmaking slags, the interests of the various stakeholders, and their concerns, 
must be identified and addressed.  Strategies have to be designed and implemented to provide 
sufficient incentive for the steelmakers to commit to a new path for the P they import in the iron 
ore used for steelmaking. A schematic is provided in Figure 20 to illustrate the best case 
scenario with regard to the transition to a new model for the utilization of P in society. 
 
The establishment of a nutrient platform which requires industry to recover essential nutrients 
in the waste stream would help to set the mindset that the steelmaking industry has the 
responsibility to implement the necessary changes to recover and utilize the phosphorus in the 
steelmaking waste stream. Government incentives would help industry to initiate change and 
implement technology to recover P. The establishment of P intermediary stations, where not 
only the recovered P from the steelmaking waste stream but also that from the sewage waste 
stream, the municipal waste and waste water treatment facilities could be collected, and 
dissipated according to its suitability, would remove the burden of marketing the P recovered 
from steelmaking slag from the steelmakers themselves.  It would also serve to create a 
national pool of P reserves, which would make it possible for the commodity price to be 
controlled.  
 
Because the recovery of P from steel from steelmaking would be steady, and not seasonal as it is 
in the case of sewage sludge, finding a market for the recovered phosphorus would not present a 
major challenge. Ideally, there would be no restrictions with regard to where that phosphorus 
can be marketed. Those in the fertilizer and chemical industry, aware of the need to diversify 
supply, will likely be happy to purchase P recovered from steelmaking slag for use in their 
products providing they are satisfied that it is safe from heavy metal and NORM contamination.  
If these industries were in the same area as the P intermediary stations, transport costs would 
be reduced.  
 
The establishment of industry regulations designed specifically for the phosphorus removal and 
recovery steps, and for fertilizers produced with this recovered P would serve to protect the 
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general public, address safety concerns and establish a strong market. By creating a fertilizer 
which is not labor intensive with regard to application, farmers will accept that the fertilizer 
made from recycled P comes at a higher cost.  An education campaign aimed at farmers and the 
general public, the final consumers in this chain of consumers, designed to increase awareness 
of the importance of closing the nutrient loop and breaking dependency on foreign phosphate 
rock would ensure the acceptance of agricultural produce from farms using phosphate fertilizer 























































5.6  Summary 
 
A multi-faceted and well-coordinated approach would make it possible to address the needs and 
concerns of the various stakeholders involved in the changeover from the business-as-usual 
model to a new reality, where the P recovered from the steelmaking industry is utilized in the 
domestic market, providing the agricultural industry with this essential nutrient from a 
domestic supply, and breaking, or at least reducing, dependency on foreign imports of P. By 
considering the findings of Shiroyama, who investigated the successes and failures of attempts 
to have the P-recovered from three municipal wastewater treatment facilities in Japan, against 
the likely scenario for P recovered from the steelmaking slags, a best case scenario emerges for 
the transition from the business-as-usual model to a model where the P recovered from 
steelmaking slag can be reutilized effectively.  This would represent a significant gain not only 
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The potential for advances to be made with regard to P-resource efficiency in Asia has been 
evaluated by the close examination of the international trade in P, the virtual P demand in the 
China, India and Japan, and by careful consideration of how the P in the steelmaking slags of 
these countries can contribute to P resource efficiency.   
 
In Chapter 2, the extent to which the various nations of Asia depend on imports to meet their 
domestic demand for P was examined closely. The path that P travels once leaving its source, 
whether as phosphate rock, yellow phosphorus or iron ore, or as phosphate fertilizer, is traced to 
determine the risks in the supply chain. The extent of dependency on one or just a few sources of 
P was determined, and the risks associated with that dependency were discussed. Considering 
the potential for instability in the countries with sizeable phosphate reserves, the geopolitical 
risks of depending on imports of phosphate rock are discussed along with other risks which may 
compromise the ability to secure the P the nation needs to meet domestic demand. 
 
Chapter 3 highlights the importance of ensuring a ready supply of P is available in each and 
every country to produce the food necessary to feed the populations of those countries.  By 
focusing on the diets of China, India and Japan, the consumption of P in the food supply is 
calculated over a period of time and then extrapolated to 2050. The amount of phosphorus 
required to produce the food consumed was calculated using the concept of “virtual phosphorus”.  
This data is then extrapolated to provide a realistic projection of how much P will be required to 
produce food to feed the populations in these three countries.  The importance of securing 
sufficient P for use on croplands to food security was highlighted by this study. Also, the 
disproportionately high requirement for P for the production of animal-based foods was 
highlighted. 
 
In Chapter 4, the potential for the P in the steelmaking slags to contribute to a nations P 
portfolio was examined. The amount of P that has been wasted in the steelmaking slags in 
China, India and Japan was calculated considering the amount of steel output in each country 
over a period of 32 years, from 1980 to 2012.  The potential for the P in the waste stream of the 
steel industry to be recovered and recycled domestically was presented from the perspective of 
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the technology for P recovery which has been presented in the academic literature.  The 
strengths and weaknesses of the technologies developed to date are presented considering the 
effectiveness of the technique, the cost of establishing the necessary infrastructure, the energy 
costs, and the issue of waste. The necessity of for further developments in technology capable for 
use in large-scale steel producing facilities is highlighted. The opportunity for steelmakers to 
reduce waste, and engage in practices that would provide the nation with a domestic supply of P, 
and this reduce the risk associated with phosphate rock imports, is clear from the analysis in 
Chapter 4.  At a more detailed level, the potential for the steelmaking industry to contribute 
significantly to the virtual P demand for producing plant based foods, as determined in Chapter 
3, is estimated.  
 
In Chapter 5, the anticipated concerns of the stakeholders and how they can be addressed is 
discussed.  The steelmaking industry, the fertilizer industry, the farmers and the general 
public, as the consumers of agricultural produce, all would foreseeably hesitate before accepting 
a change from the business-as-usual P supply system to a system which utilizes domestically 
recovered P from steelmaking slag. The stakeholder interests and concerns are discussed in 
light of an investigation into the stakeholder concerns and the bottlenecks to dissipating the P 
recovered from the Japanese wastewater industry. This analysis provides insight into how P 
recovered from the steelmaking industry might be received by the various stakeholders, how to 
address their concerns, and how to ensure the recovered P is effectively recycled. The 
importance of establishing nutrient platform and to implement an industry-wide requirement 
for the recovery and recycling of P in the waste stream is presented. The importance of 
regulations, infrastructure, new standards, transparency, and education is also highlighted for 
the change from the business-as-usual model to one where a domestic supply of P is provided by 
the recovery of P from steelmaking slag. 
 
While this study was limited to Asia, the implications extend to all steelmaking nations, both 
present and future, which incorporate a dephosphorization step in the BOF process. By 
engaging in good industry practice and recovering and recycling the P in steelmaking slag, 
steelmakers are providing a new dimension to the issue of how to close the P loop in countries 
with steelmaking facilities. The development of technologies which make it possible to separate 
the P from dephosphorization slag presents an opportunity for steelmaking nations to radically 
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improve their P resource use efficiency by the establishment of a domestic P supply.  In 
establishing this domestic P supply, these nations can either completely eliminate or 
significantly reduce the risks associated with the dependency of foreign imports of phosphate 
rock. This, then, provides the steelmakers with an opportunity to contribute to national security.  
With a local supply of P, the nation can engage in the business of producing food for its 
population without the risk of not being able to secure this vital resource in the global 
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